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On the Interpretation of the Indications of Atomic Structure 
Presented hy Crystals when Interposed in the Path of X-Rays. 

, ^ By William Barlow, r.E.S. 

(Received June 22, — Read Juno 26, — Revised August 20, 1914.) 

4 ' 

W. L. Bragg states iti his exposition of the method of investigatingjthe 
structure of crystals by means of X-rays, that a slight symmetrical 
distortion of the arrangement of the atoms, which would reduce the crystal 
symmetry, would not affect any of the results that he had just been 
describing,^ Advancing considerably beyond this conclusion, it is proposed 
to show that a large amount of a certain kind of deformation of an atomic 
system aimnged according to either of the three space-lattices possessing 
cubic symmetry, considerable enough to profoundly alter the nature of the 
arrangement, con. take place without any appreciable evidence of this deforma- 
tion being presented by the X-ray results. The argument consists of tlie 
proofs of the following propositions : — 

Proposition 1. — Each of the three space-lattices which possess cubic 
symmetry can, by a simple modification, be converted into a regular point- 
system having this symmetry, but the system of trigonal axes of which, 
unlike tlxat of the space-lattice, is of the non-intersecting kind.f The method 
employed jto effect this modification is to so select one- fourth of the trigonal 
axes of the space-lattice concerned that no two of the select/cd axes 
* < Boy. Soc. Proc./ A, vol 89, p. 275. 

t Tbe system of non-intersecting axes of cubic symmetry is described by Barlow in 
Grotb's VZeitsohrift fUr Krystallographio,* vol, 23, p. 7 (figs, I-3X abio by Barlow and 
Pope, ‘Trans, Ghem. Soa,’ vol. 91, p. 1183. 
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Mr. W. Baxlow. Interpretation of Indications of 

intersect, and then to destroy the remaining three-fourths by symmetrically 
shifting each point of the space-lattice to the same extent in the appropriate 
direction along the selected trigonal axis on which it lies, and consequently 
away from the three other trigonal axes which passed through it In the 
cases of the cubic space-lattice and the cube-centred space-lattice, the shifts 
can take ' place in both directions on an axis or in one only. The effect of 
any such symmetrical displacement of the points is that each of the selected 
axes continues to be a trigonal axis of the system of points, while each of the 
remaining three-fourths of the trigonal axes ceases to be so. The system of 
points resulting has cubic symmetry, but in nearly all the cases this is of 
a lower class than that of the space-lattice from which it is derived. 

[Added Jidif 20. — The following proof of this proposition is offered : — 

Two of the three kinds of axm-ce-iattice referred to can each be regarded as 
consisting of interpenetrated component space-lattices of the remaining kind. 
Thus— (a) The points of the cubic space-lattice can be divided symmetrically 
into two identical sets in such a way that four of the eight points found at 
the corners of each cubic element are allotted to one set and the remaining 
four points to the other, each set of four thus allotted lying at the corners 
of a legular tetrahedron. The arrangement pi’esented by half the points of 
the cubic space-lattice thus selected is easily seen to be that of the points of 
the face-centmd lattice in which each point is equidistant froxu 12 nearest 
surrounding points. (^) The cube-centred space-lattice consists of two inter- 
penetrating identical cubic space-lattices so related that the points of one of 
them lie at the centres of the cubic cells marked out by the points of the 
other. And since each cubic space-lattice is composed, as ju$t pointed out, of 
two identical interpenetrated face-centred lattices, it follows that the cube- 
centred space-lattice consists of four symmetrically interpenetrated identical 
face-centred space-lattices. For the purposes of Proposition 1 the cubic 
space-lattice and the cube-centied space-lattice can therefore both be regarded 
as consisting of component face-cenjbred space-lattices, and the proof of 
Proposition 1 for the latter which follows is easily extended to establish its 
validity for the other two space-lattices of the cubic system. 

As to the application of Proposition 1 to the face-centred space-lattice 

The system of non-intersecting trigonal axes of the cubic system can be 
generated from two non-intersecting axes the directions of which are inclined 
to one another at the angle subtended by two body diagonals of a cube. The 
process consists in continually locating additional axes of the seme kind in 
such positions with respect to the two given axes and also to those from time 
to time added, that ultimately trigonal rotations through 120® made about mj 
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one of the axee present become coinoideace-movements of the unlimited system 
produced. The method is traced in detail in the journals just referred to.*" 
The process indicated is available for the selection of one-fourth of the 
trigonal axes of the face-centred lattice required in Proposition 1 and when 
this selection has been made the coincidence-rotations proper to the system of 
non-intersecting trigonal axes thus located can be applied to the position 
after shift of a single point of the space-lattice in order to locate corre- 
sponding similar shifts of the remaining points consistent with the coincidence- 
movements in question. This is possible because the shifts take place along- 
the selected trigonal axes ; a condition which prevents the points of the point 
system generated by the coincidence-rotations from being more numerous 
than those of the space-lattice concerned. The direction of shift of one point 
of the face-centred lattice along its trigonal axis determines the direction of 
shift of every other point on its trigonal axis. The point-system generated 
from the single shifted point by carrying out the coincidence-rotations thus 
gives the result of making all the * shifts presented in Proposition 1 
symmetrically in harmony with the system of non-intersecting trigonal axes 
and presents the cubic symmetry proper to the system of rotations about 
these axes ; the homogeneous structure obtained is that designated Type 1 in 
Barlow’s listf and displays tetartohedral crystalline symmetry. The unaltered 
face-centred space-lattice is of type Stfj, which possesses holohodral crystalline 
symmetry. 

As to the remaining two space-lattices of cubic symmetry : — 

The method described of obtaining a regular point-system of otibic 
symmetry from a space-lattice can be applied to a cubic space-lattice in 
two different ways. For if, as above explained, we regard this lattice os 
composed of two interpenetrated face-centred lattices, the points of one 
component system found on a given trigonal axis may (1) move in the same 
direction as those of the other present on this axis, in which case, if the 
movements are equal, they will preserve an equal spacing on this axis, or 
(2) they may move in opposite directions, in which event equality of move- 
ment, will result in higher crystal symmetry. Modification (1) of a cubic 
space-lattice, like that of a face-centred space-lattice above dealt with, 
produces a regular point-system of tetartohedral crystal symmetry ; the type 
of homogenoous structure is No. 2 in Barlow's list. Modification (2), on 
the other hand, produces a regular point-system possessing pentagonal 
hemihedrjr; the homogeneous structure obtained is of type the 

unaltered cubic space-lattice is of type 12ai. 

See note t, p. 1. 

t *2!eit»ohr. fttr Kryst.,* voL 23, p, 7. 

B 2 



4 Mr. W. Barlow. Inte't^retaiion of Indicatimm of 

There are also two ways of applying the method to the cube-centred 
space-lattice, Thus — (a) the points of all four of the component face-centred 
lattices found lying on a given trigonal axis may be moved in the same 
direction on this axis ; or {h) while the points of two of these component 
lattices, which together form a cubic space-lattice, found on a given axis are 
moved in the same direction, this direction may be opposite to that taken by 
the points of the remaining two found on the same axis. Modification (a) 
produces, in general, hemimorphic (tetrahedral) hemihedry of the cubic system ; 
the type of homogeneous structure is then No. 2bi in Barlow^s list. It is an 
interesting fact, however, that a particular case of this modification yields 
liolohedral symmetry. Thus, if the shifts of the points along their respective 
selected trigonal axes bring them to positions midway between the points of 
the unmodified cube-centred lattice, this highest crystal symmetry results. 
Modification (h) produces enantiomorphous hemihedry of the cubic system ; 
the type of homogeneous structure is No. 3 or No. 4 in Barlow's list, according 
to the position of a shifted point on a trigonal axis with respect to the trigonal 
axes not parallel to this axis. 

It is important to observe that additional diversity is achieved if the points of 
the two compound space-lattices are divided into their component face-centred 
lattices and the latter then subjected to different amounts of displacement. 
This inequality of shift of the points results in the production of an assemblage 
of points consisting of more than one Sohnekian regular point-system, but it 
is of interest to notice with regard to tlie cube-centred space-lattice that the 
shift of a point of* one component cubic lattice can be so proportioned to that 
of a point of the other component cubic lattice lying on the same trigonal 
axis that the points of the oube-centred lattice become centres of symmetry 
of the system of shifted points. The two Sohnekian point-systems resulting 
are then so related as to form one double point-system, viz., a point-system 
the arrangement of half the points of which bears to that of the other half a 
mirror-image relation. In this event, instead of the tetartohedral symmetry 
of type 2, the pentagonal hemihedry of tyjie 2ax is presented. The unaltered 
cube-ce]itred space-lattice is of type 13ai. 

Plane diagrams of the above relations are not given here because the details 
are too involved for them to be useful. Models are needed for showing the 
three-dimensional properties referred to. 

Proposition 2. — The method of modification defined in Proposition 1 makes 
the points of the space-lattice divisible into four sets, lying respectively on 
the four sets of differently orientated axes which constitute the selected 
system of non-intersecting trigonal axes. If, in addition to being equal, 
displacements suffered by the points of such a set all have the same direction^ 
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the planes of points found in this set will, it is evident, all present the same 
orientation and siiacing before and after modification. 

In the case of the face-centred lattice, the preservation of cvibic symmetry 
requires that the displacements along an axis shall all be in the same 
direction, while for the other two kinds of space-lattice specified, opposite 
directions of shift are, as stated, possible for points of the lattice found on 
the same axis. . In all but very exceptional cases, a system of parallel planes 
of j)oint8 of one of the four sets just referred to is not congruent with the 
system of parallel planes having the same orientation of another set ; in 
other words, in the entire system composed of the four sets adjoining spaces 
between successive parallel planes are neither equal nor present a simple 
rational relation.] 

Propodtion 3. — When the space-lattice concerned is regarded as consisting 
of parallel planes of points, the plane direction of which is perpendicular to 
one of its four sets of trigonal axes, each of these planes of points (111) is 
found to be broken up by the process of shifting prescribed into two 
distinct planes of points ; one-fourth of the points of the original plane are 
shifted to a plane a parallel to it on one side, while the remaining 
three-fourths are shifted so as to be found in a plane 6, also parallel to 
the original plane, but on the other side of it. The distance of the plane a, 
containing one-fourth of the points of the original selected plane, from that 
plane is three times that of the plane h containing the remaining 
three-fourths of the points. 

The following proof is offered : — 

Through opposite edges AB, CD (fig. 1, a and b), of one of tlje cubic 
elements of a cubic space-lattice draw a plane, and make this the plane of 
the diagram (b) ; this plane, besides the four points of the lattice A, B, C, D, 
contains, when produced, other points similarly situated at the corners of 
other cubic elements, as shown by the points of intersection of the librizontal 
and perpendicular lines of the figure. 

Let AC be one of the surviving trigonal axes referred to in Proposition 1, 
and EAF the trace on the plane of the diagram of a plane perpendicular to 
AO drawn throiigh A, which plane contains other points, such as E and F, of 
the space-lattice. One-fourth of the surviving trigonal axes, all of which 
intersect this plane, are perpendicular to it, and have the direction of AC ; 
the remaining three-fourths, which have the other three directions for cube 
diagonals, all make the same angle with the same plane equal to the angle 
SAG, mode by a diagonal of a cubic element of the space-lattice with the 
trace EAF, 
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Let P mark the point on the surviving trigonal axis AC to which the 
point A of the space-lattice is shifted : all points on trigonal axes parallel to 
AC originally found in the plane drawn through A perpendicular to AC 
will, after the shifting, lie in a plane parallel to this’ plane drawn through P. 



Fio. 1. 

The other })oint8 of the lattice contained in the plane EAF, which do not lie 
on the trigonal axes that have the direction AC, lie on trigonal axes 
having one or other of the three remaining directions for these axes, which 
directions all make angles equal to the angle EAG with this plane. And, as 
each of these points also experiences a shift equalling AP along its axis, 
they all Ue in a plane parallel to the plane through EAF, passing through a 
point Q hn the line A6, such that AQ = AP. 

Draw QH, EK, both perpendicular to AE ; EK is a semi-diagonal of a 
cubic element. 

Since ^ and 3EK « AK, it follows that 3QH = AQ = AP, 

Consequently, one-fourth of the points originally found in the plane having 
the trace EAF are shifted to a plane parallel to this plane, drawn through P 
at a distance AP, while the remaining three-fourths are shifted in the 
opposite direction to a plane also parallel, drawn through point Q at a 
distance HQ = AP/3. 
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This proof is applicable to any plane (111) of points of either of the 
three space-lattices possessing cubic symmetry. 

Proposition 4. — In the case of a regular system of similar atomic centres 
which is the outcome of a symmetrical displacement of the kind described, if 
the intensity of the portion of a given homogeneous (monoohi'omatic) beam of 
X-rays thrown back at a given angle from a plane of the centres is taken to 
be proportional to the density with which the plane is beset with these 
centres, the intensities of two wave-trains travelling in the same direction, 
derived by similar reflection at the two planes (111) of atomic centres into 
which a single plane was resolved by the prescribed displacements, will, it 
is evident, be in the ratio 1 : 3, for plane h is three times as densely beset 
as plane a. 

PropoHition 5. — Since the displacement described converts a single plane 
(111) of atomic centres into two planes of centres, one of which is found on 
the one, the other on the other side of the original plane, it is evident tliat, 
of the two trains of reflected waves which thus take the place of a single 
train, one will present an advanced, the other a retarded phase, as compared 
with that of the single similarly reflected train which would be produced by 
the same beam falling on the unmodified plane of centres. 

Proposition 6.— The phase presented by the resultant of the two wave- 
trains derived from the beam of X-rays, referred to in Proposition 4, i# 
approximately the same as the phase of the wave-train which would be derived 
from the same beam by reflection at the unmodified plane of centres. Thus 
the phase of the resultant of the two reflected wave-trains is approximately 
constant for dififerent values of the coefficient of displacement of the atomic 
centres. The following proof of this pro]:x)8ition is submitted : — 

The geometrical convention adopted for the representation of waves of 
propagation of a ray of light consists of a sinuous line, the similar waves of 
which are of some given wave-length and express the amplitude of the 



light waves by their transverse dimensions. In the case of the two 
reflected wave-trains referred to in Proposition 4, substitute ssigsags for 
einuoue lines, and let zigsag A (fig. 2) represent the wave-train thrown bock 
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from the plane which is less thickly beset with the atomic centres, 
zigzag B that reflected from the plane wMoh is more so. If the maximum 
ordinate EF of A is p, GH, which is that of B, will then be 3p. 

The siiperpositiou of the two wave-trains is expressed by making their 
median lines coincide in the diagram. The difference in phase is given by 
the horizontal distance CD measured between nearest median points of the 
two wave-trains. The median points of the resultant wave-train, at which 
the ordinates of the component waves cancel each other as being of opposite 
sign and equal, are marked K, K'. 

Since CF = DH, both being a quarter of a wave-length of the beam of 
X-rays, and 3EF = GH. 

Area A'DGH = = 3 area A*CEF, 

Area A'CLK _ LK* , area A*DMK _ MK* _ LK® 
AreaA'CEF EF^* ’ area A'DGH GH* 9EF*’ 


Therefore 


area A'CLK _ LK* x area A*CEF x 9 _ 9 
areaA'DMK LK* x area A*DGH 3 


But since LK = KM, 

Area A«CLK 


Area A'DMK 


CK . 
KD’ 


therefore CK = 3KD. 


’ Now the difference in phase of the portion of a given wave-train reflected 
which would be produced by shifting the reflecting surface while maintaining 
its original plane direction is proportional to the amount of shift, ic., to 
the distance through which this surface is moved along a normal. Therefore 
if the difference in phase between the portion of the incident beam which 
woul^ reflected from the original plane and that reflected from a be m, 
the differe^^ce in phase between the former and that reflected from h will 
be m/S. Therefore, since CK = 3KD, the point K marks a median point of 
the wave-train reflected from the original plane of centres corresponding 
to the median points of the trains A and B marked respectively C and D. 
In other w’ords the wave-train which is the resultant of these two wave- 
trains is in the same phase as the wave-train which would be produced by 
reflection of the given beam of X-rays at the unmodified plane. The 
similarity of the phases referred to would therefore be established not 
merely approximately but absolutely if the wave- trains were correctly 
represented by the zigzags of the diagram. If sinuous line waves are 
needed for the correct representation of the waves of X-rays concerned, and 
these line waves approximate more or less in form to the sigzags depicted, 
the relation deduced above will more or less approximately obtain, but nbt 
exactly. 
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Fig. 2 is drawn showing the difference of phase CD less than a quarter 
wave-length OF ; the reasoning equally applies if it is shown greater. 

Frojfxmtion 7. — A similar argument to that given above in respect of 
planes of centres (111), and found applicable to all the four sets of these 
planes, is available for the three sets of planes (100) and the six sets of 
planes (110). The reasoning employed for these will, however, be rather 
simpler than that given above in regard to planes (111), because the density 
of the distribution of the centres in the shifted planes is, for the plane 
directions (100) and (llO) found to be equal in the two derived planes. 

[Added My 20 ; Proposition 8. — In all regular point-systems the arrange- 
ment of which is derived from one or other of the three spaoe-Iattioes 
referred to by the method of modification described, every set of parallel 
equidistant planes of points presents an orientation and spacing of its 
consecutive planes strictly the same as those of the corresponding set of 
parallel planes of the lattice. 

This is an immediate consequence of the equality of the shifts to which 
the points are subjected, and of these shifts forming sets, each of which has 
its own uniform direction. 

Proposition 9. — The characteristic symmetrical distribution of X-ray 
intensity observed when homogeneous (monocliromatic) X-rays are passed 
into a crystal of a simple conqwund belonging to the cubic system does not 
suffice to determine at all precisely the nature of the arrangement of the 
atoms. There is definite evidence of the existence of a precise dimensional 
relation between the wave-length of the X-rays employed and the actual 
magnitudes of the intervals separating successive planes of atomic centres 
in various directions, but this evidence does not suffice to show whether the 
atomic arrangement actually prevailing in the crystal is the space-lattice one 
compatible with the |>articular spacing of these planes indicated in the 
crystal under observation, or that of one of the innumerable various point- 
systems of cubic symmetry derivable from this space-lattice by the method 
described. 

The following proof is^submitted : — 

The theory of the action of crystals on homogeneous (monochromatic) 
X-rays recently arrived at by W. H. Bragg and W. L. Bragg, suggested by 
their new experimental methods, may be shortly stated thus : — 

1. The planes of atomic centres distinguishable in the regular systems 
according to which the homogeneous structures known as crystals are 
arranged, function as reflecting surfaces when impinged upon by a beam of 
X-rays. 



10 Mr. W. Barlow, hiterpretatimi of Indications of 

2. Since every kind of plane of atomic centres present is repeated at 
uniform intervals so as to constitute a system of equidistant parallel planes, 
the phenomenon is over and over again presented of the beam falling on 
a series of parallel equally spaced reflecting surfaces, each of which acting 
alone can reflect but an imperceptible fraction of the incident radiation. 

3. Keflection is thus more or less feeble unless the angle of incidence is 
such that the difference of phase of the portions of the beam reflected at 
the successive equidistant planes of such a series is congruent or very nearly 
congruent with the wave-length ; in other words, unless the waves of the 
reflected wave-trains coincide and so reinforce one another. The familiar 
equation n\ = 2d sin 6 gives the glancing angles at which the intensity of 
the resultant reflected wave-train is a maximum ; X is the wave-length of 
the rays employed, 0 the glancing angle of reflection, d the distance between 
the successive planes of the series of equidistant planes, and n a whole 
number. Thus reflection has maximum intensity at a series of angles 0i, 
09 f ffs, etc., the sines of which are in an arithmetical progression obtained by 
substituting integers 1, 2, 3, etc., for n. 

The reader ia reminded that any series of equidistant planes of atomic 
centres will commonly be intercalated with one or more similarly spaced 
series of planes of centres of the like orientation, the distance separating 
a plane of one series from a plane of another not, however, presenting a 
rational relation to the appropriate value of d. 

4. A study of the comparative intensities of the first, second, third, and 
higher orders of spectra obtained from the variously orientated seta of planes 
ledds to the discovery of the simplest scheme of atomic arrangement which 
would give comparative intensities for the differeht maxima in agreement 
with obseiwation. The analysis is carried out by combining, mathematically, 
the waves of length X reflected in the same direction fi'om the various sets 
of planes, assigning to each wave an amplitude proportional to the moss per 
unit area of the plane which reflects it. By a process of trial and error an 
atomic arrangement is arrived at which would account for the observed 
intensities. 

5. The various distances d for the differently orientated series of equi- 
distant planes are calculated from the density of the crystal, the molecular 
weight of the unit of the crystal pattern and the comparative dimensions of 
the scheme of arrangement referred to in 4. 

Now, as will have been seen from the foregoing, the regular point-systems 
derivable as explained fall into two classes, viz, : — 

(a) Those in which the direction of displacement is the same for all 
points of the lattice found lying on the same trigonal axis. 
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(6) Those in which the points of the lattice found on a trigonal axis are 
some of them displaced in the one direction along this axis, the rest in the 
(^poaite direction* 

All the oases of the modification of the face-centred space-lattice belong 
to class (a) (see p. 3). 

Following the lines of this division into two classes a difference in the 
rigidity of the proof of Proposition 9 has to be noted. In cases of class (<x) 
the proof is absolute ; the difference in phase of the similar reflected wave- 
trains following a given direction produced by successive reflections at 
a number of parallel planes is precisely the same in the space-lattice 
arrangement as in any one of the point-system arrangements derived from 
this space-lattice by the defined method; and this is true whatever the 
direction chosen. This immediately follows from Proposition 8, For when 
the effect on the X-rays of a derived regular point-system is compared with 
that of the parent space-lattice and attention is confined to coses of 
class (d) it is clear that the break up of each plane of points of the sjmce- 
lattioe into two planes of points parallel to it (see Proposition 3) gives two 
component sets of reflected wave-trains in any given direction in place of 
each single set thrown back by the equally spaced parallel planes of a certain 
orientation of the space-lattice ; and since each such component set presents 
the same phase difterence as that characterising the corresponding set of the 
space-lattice, tliis phase difference will also bo presented by the resultant 
set produced by the coalescence of the component sets referred to. 
Proposition 9 is therefore established for all cases of class (^t), and it is clear 
tliat this conclusion is not affected by any question of the degree of accuracy 
attainable in the observations; the molecular weight of the unit of the 
crystal pattern is not affected by the modification contemplated, and 
although the number of distinct sets of parallel planes of centres is increased, 
the values d remain unchanged. However near precision the estimation of 
the results of the X-ray investigation may be, the argument based on them 
wiU therefore, in cases of class («)i fo indicate which of the alternative 
atomic arrangements is the one actually prevailing ; some additional fact is 
needed for determining this. 

The proof of Proposition 9 for cases of class {h) rests on that of Proposi- 
tion 6, which admittedly deals with approximations. Tliis raises the 
question whether the quantitative results obtained experimentally are 
sufiBiciently precise to render even a very slight departure from the ideal 
distribution of intensity in the different directions adequate to rule out the 
solutioufi which involve this discrepancy. It is submitted that the degree 
of experimental refinement reached mil not suffice for this. And, on the 
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other hand> very iinportant considerations will be brought forward to show 
that in one particular instance a point-system arrangement, which dififers 
profoundly from the space- lattice from which it is derived, manifests a much 
closer agreement with the experimental facts than this space-lattice does. 

In comparing two kinds of atomic arrangement for the purpose of 
Proposition 0, the assemblages of atoms employed are taken to be similarly 
orientated ; in other words they have corresponding axes parallel 

It follows directly from PropositionB 6 and 8 that the phase-diffei^noe of 
successive reflected wave-trains following any given direction with respect to 
the axes is the same, within exi)erimental error, for a space-lattice arrange- 
ment as for any point-system derived from this space-lattice by tlie method 
described. And the correspondence of the phase-differences for the same 
direction in two different arrangements' carries with it similarity of the 
disposition of the directions of maximum intensity in any two assemblages 
related in the manner defined. Thus Proposition 9 is established to the 
degree of approximation afforded by Proposition 6. Additional data are 
therefore required for discovering the arrangement of the atoms in the 
molecule, and, indeed, for determining the nature of their distribution in 
space. 

The particular case to W'hich allusion has just been made will now be 
taken 

W. L. Bragg has concluded* that the atoms of sodium and chlorine in the 
crystal of common salt NaCl very approximately occupy the points of a 
cubic space-lattice ; the two component face-centred lattices of which the 
cubic lattice is made up (p. 2) mark respectively the suggested disposition 
of the two different kinds of atoms. 

The need for some modification of this view is suggested by the fact that 
the arrangement reached does not lend itself to a distribution of the centres 
of the chemical molecules in harmony with the crystal symmetry. If the 
centres of the molecules NaCl are supposed to lie about half-way between 
nearest atom centres of the two kinds, the most symmetrical disposition 
possible for the molecular centres gives tetragonal symmetry ; cubic 
symmetry is not attainable. Consequently, if molecules exist as individuals 
in the crystalline condition, such an arrangement must be out of harmony 
with the" crystal form. 

No such difficulty presents itself if the arrangement of the atoms is one 
derived from the cubic space-lattice by a certain application of the method 
of modification described. For let one-fourth of the trigonal axes of the 
cubic space-lattice be selected so as to furnish a cubic system of non- 
^ ‘ Boy. Soc. Proc.,* A, vol p. 469, 
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iutersecting trigonal axes the two kinds of atoms are, according to 

Bragg's view, found placed alternately on each selected trigonal axis so that 
each atom lies midway, or about midway, between two atoms of the other 
kind present on the selected axis. Let, now, all the atoms of one kind 
present on one of the selected axes be moved uniformly towards one end of 
this axis, and all the atoms of the other kind found on this axis, to the same 
extent, towards the opposite end, neither kind of atom leaving the axis, and 
let the amount of displacement be such that the distance apart of the atoms 
of two kinds which have thus approached is slightly under the distance 
originally separating two nearest atoms. Let the atoms of two kinds wliich 
have approached be taken to form a molecule; all the molecules NaCl 
found on the axis taken are then similarly orientated. The carrying out of 
the coincidence-rotations about the axes of tiie system of non-intersecting 
trigonal axes will locate a similar atom arrangement on all the remaining 
trigonal axes and give an assemblage in accordance with the cubic symmetry 
of the system of axes. The centres of the molecules, if taken to lie midway 
between the centres of their atoms, are found arranged to form a face- 
centred lattice, although, in consequence of variety of orientation of the 
molecules, the assemblage does not present the high symmetry of this 
lattice. 

A model of fcliis scheme can 1^ constructed to show both the symmetry of 
form of the polyhedral cell, which represents the domain of predominant 
influence of a single atom, and also the arrangement of the atoms and of the 
centres of the molecules. The following is the method of construction : — 

Take a number of hollow indiarubber balls of the same size, and form 
pairs by sticking them together two and two ; each pair is to represent a 
molecule. Arrange the points of contact, which are the centres of the 
pairs, to form a face-centred space-lattice, viz., as the sphere centres of a 
cubic closest-packed arrangement of equal spheres. Next, keeping the 
centres of the pairs in the relative situations prescribed, arrange the axes of 
the pairs symmetrically in four diflTerent orientations in harmony with the 
ooinoidenoe-movements of a set of non-iutersecting trigonal axes. Finally, 
while preserving the relative anungement of centres and axes ihus reached, 
uniformly compress the mass so as to bring the pairs of balls together and 
flatten them at places of contact till all the interspaces ore practically 
eliminated. In the resulting assemblage each ball centre is found nearly 
equidistant from 13 ball centres immediately surrounding it, and consequently 
each of the similar space-filling polyhedral colls producible by the process has 
13 faces and is nearly capable of being circumscribed about a sphere. Thus 
the scheme reached immediately suggests stable equilibrium. 
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Since the atoms are of two kinds, but of the some fundamental valency, it 
is suggested that balls of two slightly different sizes may be used to represent 
the two kinds of atoms. The special relation of each atom to the one next 
to it with which it is chemically united to form a molecule suggests a 
shortening of the distance between each ball centre and the centre of the 
ball nearest to it on the same trigonal axis ; the centre of the larger poly- 
hedral face thus produced will practically coincide with the centre of the 
molecular group of two atoms. 

It is clear from the foregoing that, while the scheme of arrangement sug- 
gested is in harmony with the X-ray results, it is in tiiree respects in better 
agreement with the facts than the cubic space-lattice arrangement is. Thus : 
(I) The centres of the molecules are arranged according to cubic symmetry 
a condition impossible for the unaltered arrangement of the cubic space- 
lattice. (2) The symmetry indicated is not, like that of this lattice, bolo- 
hedral, but is hemihedral, as are the actual crystals.* (3) Stable equilibrium 
is indicated by the relation of each centre to the centres immediately 
surrounding it. 

lu the model just described the distance apart of the centres of two balls 
representing the two atoms of the same molecule diflers but little from that 
separating tlie centres of adjoining balls not thus related. It is, however, an 
interesting question whether the experimental facts are consistent with a 
much closer drawing together of the centres of the two related atoms, such 
that their distanci;? ajmrt becomes quite small coaipai'od with the distance 
separating nearest centres of the chemical molecules. The unit composed of 
two polyhedral cells, which represents the domain of predominant influence 
of a single molecule, would in such a case appear to approximate to sphericity 
and the enquiry arises whether this is possible without making the degree of 
approximation contemplated by Propositions 6 and 9 fall below the limit of 
experimental error of the X-ray methods.] 

Propodtion 10.— Inasmuch as every arrangement of points which displays 
cubic symmetry can be uniformly distorted to produce corresponding dis- 
positions of the points exhibiting the kinds of symmetry of most of the 
other crystalline systems, and in this process the dimensional proportions in 
any given direction are preserved, it follows that, so far as geometrical 
possibilities are concerned, a very similar method of modification to that 
above described can be appUed to all kinds of space-lattice arrangements of 
atoms of whatever symmetry, so as to produce from them point-systems 

♦ The hemihedry of NaCl is not so clearly indicated as that of some of the allied 
halogen oompoun^ KCl, KBr, etc., to which the arguments here given akc apply. 
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which produce an effect on X-rays practically indistinguishable from that 
produced by the unmodified space-lattice arrangements respectively con- 
cerned. 

It is therefore a general conclusion that the nature of the spacing of the 
parallel planes of atomic centres, as revealed by the results of the applica- 
tion of X-rays to crystals obtained by Lane and by W, H. Bragg and 
W. L, Bragg, is not so unambiguously indicated as at first apj)eaTed. For 
practical purposes these results are in many cases in liarmoiiy not only with 
the existence of very simple arrangements of the atoms according to an 
elementary space-lattice or combination of space-lattices, but are also equally 
consistent with a less symmetrical kind of arrangement derived by a 
considerable modification of the space-lattice or space-lattices, which leaves 
the system of crystal symmetry presented the same as before the alteration, 
but lowers the class. The fact that hemihedry is in so many cases presented 
by the crystals of simple compounds may be regarded as an indication that 
the actual arrangement of the atoms is of the less symmetrical kind. 

But while insisting on the importance of ascertaining precisely the ambit 
of the new X-ray method of analysis of crystal structure, tfie author fully 
recognises that this method, as applied by W. H. Bragg and W, L. Bragg, is 
the basis on which the above conclusions rest ; his aigument, if sound, is an 
additional testimony to the value of this singularly beautiful form of 
research. And the admission that we are not so near to finality as at first 
appeared will make it more, not less, important to carry on the work. 
When in a given case the limits between which a solution must be sought 
have been found by the method, the student will doubtless be stimulated to 
examine the distinctive features of this case hy all the means available, in 
order to find the additional factor needed for an exact determination, 

A word in closing as to the bearing of the above conclusion on the work 
that has during the last few years been done in the investigation of atom 
arrangements from the standpoints of the chemist and crystallographer ; 
this is largely based on observations of relative axial dimensions of crystals 
of allied substances, and on evidence as to the constancy of the proportionate 
volumes appropriated by the individual atoms, which is interpreted as 
indicating the existence of what is termed the law of valency volumes. 
In view of the above conclusions one is tempted to enquire whether it 
will not be possible in all cases to indicate an arrangement for the atoms 
of a crystal which is at the same time consistent with the results of an 
X-ray investigatioii and compatible with the conception that stable 
equilibrium is very approximately represented by a close packing of spheres 
of appropriate sizes, each of which stands for a single atom, variety of 
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pattern being attributed to modification of the spacing due to the presence 
of links which attach atom to atom to form certain groups or molecules and 
also to difl'erences in magnitude of the atomic domains* A striking 
coincidence between chemical theory and a conclusion reached by means of 
the X-ray method of investigation gives pause, however. The arrangements 
which chemists assign in their graphic formula to the carbon atoms in the 
principal typical carbohydrates are precisely such as are presented by 
appropriate fractions of the point-system which Bragg has deduced as giving 
the arrangement of the carbon atoms in a crystal of diamond^ ; it is seen on 
examination that, so far as comparison is possible, precisely the same 
tetrahedral environment of each carbon atom is presented in both cases. Is 
it possible then that a tetrahedral group of four spheres in close contact forms 
a correct graphic representation of the four unit valency volumes of a carbon 
atom, and that a fitting of these tetrahedral groups closely together, which 
gives a distribution of their centres identical with that of Bragg^s diamond 
structure,! correctly gives both the structure of this crystal and that of 
strings or chains of carbon atoms as they actually occur in the carbon 
compounds ? The prospect seems inviting, but additional facts are needed 
to establish or modify such a conception, and to ascertain whether and how 
far it applies to other atoms than those which enter into the composition of 
organic compounds. 

* ‘ Koy. Boc, A, vol. 89, p. 277. 

t Of. ‘ Scien, Proc. Roy. Dublin Soc./ vol. 8, p. 542. 
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The Ignition of Gases hy Condenser Discharge Sparks. 

By Prof. W. M. Thorntok, D.Sc., D.Eng., Armstrong College, 
Newoostle-on-Tyne. 

(Communicated by the Hon. Sir Charles Parsons, F.RS, Received June 29, 1914.) 

1. It may be taken as an axiom of electrical ignition that the closer its 
conditions resemble those in the explosion wave front the more readily will 
it occur. These conditions are high temperature and pressure, and in the 
case of hydrocarbons combustion to carbon monoxide. They are also 
characteristic of condenser discharge sparks, for in the first place the surface 
of a platinum pole to which condenser discharge has been made becomes 
pitted to a remarkable extent, greater than when large currents are broken 
by separation of the poles. The sparks have therefore a high temperature. 
That they give rise to high gas pressure is clear from the intensity of the 
sound of a single spark discharge, and finally it will be shown that combus- 
tion to carbon monoxide rather than to carlx)n dioxide is peculiar in certain 
cases to ignition by capacity sparks. In addition to these tlie sparks are of 
very short duration, are oscillatory in character, and start with ionisation 
or breakdown of the gas between the poles. The belief that all visible 
sparks will ignite explosive mixtures no ^ 
doubt arose from observations of the 
activity of condenser discharge in this 
mpect, but while in certain cases, espe- 
cially in the ignition of hydrogen, the 
least igniting sparks are very small, yet 
there is in every case a well marked limit 
to their igniting power, and as the per- 
centage of gas limits of inflammability are 
approached they require to be large. 

2. The Parafim — Ethane y Propamy and 
Butmie. — The gases used in the present work 
were from the same stocks as those used for 
break-spark ignition.* The results obtained 
from them are given in fig. 1. They have 
two intex*esting features ; their minimum igniting current is the same in 
every case, in tins resembling their ignition by continuous current break- 

* “The Electrical Ignition of Gnieona Mixtures,” W, M. Tliomton, ‘ Hoy. Soc. Proc.,* 
A, vol 90, p. 272 (1914). 
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sparks, but they have the parabolic form characteristic of alternating current 
break-spark ignition. Kthane has, however, a minimum at 7*7 l^er cent, the 
point of combustion to carbon monoxide, the others, as before, midway 
between this and combustion to carbon dioxide. There is, however, on the 
higher side of the ethane and propane curves— the supply of butane gave 
out before this could be examined fully — a step or increase in difficulty of 
ignition corresponding to mixtures midway between four and five atoms of 
oxygen to one molecule of ethane, and between six and seven to one 
of propane. This point was thought to be some failure in the quality of the 
gas, but when it appeared in both, and to a still greater extent in njethane, 
it was more fully examined. Coiulenser-spark ignition has therefore some 
of the features of both continuous and low frequency alternating current 
break-spark ignition, but it has a characteristic type of its own. 

It may be remarked in passing that the energy per atom in unit volume 
of each of the three gases at the minimum of each curve is the same, in this 
ixisembling break-spark ignition. 

3. Meikan(\ — From the previous work it was expected that methane would 
have the same minimum as ethane, propane, and butane, but this was found 
to be not the case, and after several samples of pure methane, prepared at 





different times, had been very kindly sent to me by Dr. Wheeler for 
examination, the conclusion was reached that the mode of ignition of 
methane by condenser sparks was of an entirely now type, as shown in 
tig. 2. In the first place the energy required to obtain any ignition at all 
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was much greater than in the other paraffins ; 6*5 microfamds had to be 
used at 100 volts as compared with 1 microfarad in the heavier gases* No 
ignition could be obtained below 6*25 per cent* ; from this to 10-5 per cent, 
the energy’ of the least igniting spark was the same, but at 11*5 percent, 
the necessary energy suddenly increased, so that Jiotliing less than 16 micro- 
farads would give an igniting spark* The mixture giving combustion to 
COa had been passed thmugh without change; combustion to 00 is at 
12 per cent* At V6 and 13*5 per cent. 40 microfarads had to be used, and 
above this no ignition could be obtained by condenser sparks with all the 
available capacity of 46 microfarads in use. The sparks were then of great 
brightness and pitted the poles freely. The stages may be more readily 
followed by a comparison of fig. 2 and Table I. The critical steps are at 
11*5 and 13 per cent. 

Table L 


Mixture. 

j Percentage of gas in air. 


1 9 -36 

2 CH 4 + O 7 

i 10-6 

2CH4 + 0« 

j 12-0 

2 OH 4 + O 6 

16-0 


When the oxygen atoms are more in number than those of the combustible 
gas each stage appears to be symmetrical on either side of one of the critical 
percentages, when they are equal or less in number the step coincides with 
the critical percentage as in carbon monoxide and hydrogen. Numerical 
excess of oxygen therefore retards the rise of difficulty of ignition as much 
as possible, that is, half a stage* 

4. Carbon Moiumd ^, — III order to see whether the ignition by steps 
occurred in otlier gases having a single carbon atom, carbon monoxide was 
examined (6g. 3). The figure is interesting on account of the well marked 
transition of stages. In the first from the lower limit to 37*5 per cent, the 
curve has the paraboUc form. The mixture for complete* combustion to COa 
is at 29*2 per cent, and this is now passed through without notice, though 
with the break^sparks there is a change of type approaching 30 per cent.* 
At 37*5 per cent, a new stage is entered, from 37*5 to 66 per cent, the same 
igniting energy is required and the cuiwe is horizontal* This clearly corre* 
sponds to an increase in difficulty of ignition, for the usual alternating current 
curve would fall below it Above 65 per cent* the limit is rapidly approached, 


0 2 


Xoc. OiLt fig. 7. 
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and at 70 per cent. 28 microfarads are required for ignition. The meaning 
of the stops can be seen in Table II. 


Table 11. 


Mixture. 

Percentage of gAt in air. 

2 CO + Oj 

29 -2 

8C0+O3 


i 4CO + 0, 

46*1 

' 6 CO + 0, 

66 ‘2 

9CO + 0, 

66 *0 

I 2 CO + O 3 

70*6 


In this case there is an increase in difficulty of ignition as the combustible 
gas increases in multiples of 3. 

5. Ilydroffcn Sidjihide.—lihQX these several steps arc not peculiar to gases 
with single carbon atoms is shown by the behaviour of hydrogen sulphide 
(fig. 4). The gas was not specially purified and probably contained 1 percent, 
of hydrogen ; its limits of inflammability were observed to be at about 4*8 and 
20 per cent. The steps occurred at 10 and 14 per cent,, the mixtures being 
as in Table III. 

Table III. 


Mixture. 



Percentage of ga« in air. 

+ O 3 

17 *1 

H ..8 + O 4 

12 0 

1 . 

7*6 


Here the oxygen atoms are more in number than those of the combustible 
gas and these percentages are intermediate between the rising lines. 

6. Hydrogen . — The ignition of hydrogen exhibits the stages very well, as 
shown in fig. 5. The observed steps are at 30, 46, 55, and 70 per cent., the 
upper limit being 72 per cent. As shown by Table IV the hydrogen atoms are 
more in number than the oxygen and the steps are at the critical mixtures. 


Table IV. 


Stage, 

Mixture. 

Percentage of gas in air. 

1 

H 3 + O 

ii9'2 

2 

2H, + 0 

4&'2 

8 

8H4 + O ' 

66 '2 


4 Ha 4 - 0 

62*2 


6 H 3 + O 

67*4 

4 

6H2 + O 

71*2 
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The coincidence between the mixtures with 1, 2, 3 and 6 hydrogen molecules 
to one oxygen atom and the observed steps are very close» and there cannot 
be any doubt that with certain gases of simple composition the play of forces 
upon an oxygen atom in the act of ignition can be obseiwed in this way. 
The occurrence of ignition by steps has little or no relation to the other 
properties of the gas, and it may depend almost entirely on structure. 





Fig. 4. Fio. 5. 


7. Cause- of Stqrpcd I<jnition . — The strongest argument that each rise in 
the curves is an increase in difficulty of ignition over that which would have 
normally been found in a purely thermal reaction is in the behaviour of 
methane. Here the first stage begins immediately after the lower limit. 
If there had been a gradual fall from this as in carbon monoxide or in the 
higher paraffins, it would by analogy with all previous results have reached 
the same level as ethane. The occurrence of a horizontal stage is not 
peculiar to condenser ignition, for it has been observed in the ignition of 
hy^drogen and of carbon monoxide by break-sparks,* and in these oases also 
it indicated that more energy was required than if the rounded curve had 
been followed. In the present case the carbon monoxide curve presents the 
clearest evidence of the nature of the transition. 

The cause of this increased resistance is probably that when an atom of 
oombastible gas— or of oxygen in some oases — ^is surrounded by molecules 
with one or more of which it is eventually to combine, the difficulty of 

* Loc, cU., figs, e and 7. 
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choice of any single partner is increased by the simultaneous attraction 
of the others* and more energy must be given to the gas to set up a move- 
ment so violent that any pair is forced into “contact.” In some coses, 
carbon monoxide for example, the difficulty of ignition only becomes acute 
in certain aggregates, thus the steps are at 3, 6, and 9 molecules of carbon 
monoxide to 1 of oxygen. In methane it is when there are 3 or 4 molecules 
of oxygen to 1 of methane. In hydrogen the critical ratios of hydrogen , 
molecules to oxygen atoms are 1, 2, 3, and 6, 

8. Abnohde Emnjy of lynitimi—yfith, carbon monoxide the^ energies of 
the two stages are 0*0082 and 0*018 joules, a ratio of 1 to 2*19, and there 
are twice as many molecules of CO in the second case. In methane the 
energies of the stages are 0*032, 0*8, 2 joules, in ratios 1 : 2*5 : 6*25. In 
hydrogen sulphide the energies are 0*007, 0*01, 0*0195, in ratios 1 : 1*43 : 2*79. 
In hydrogen the energies and ratios are as in Table V. 


Table V, 


Stage. 

Energy of spark in joules. 

Eatios. 

i 

0 *01)026 

1 


2 

0 -00006 

8*8 

8*8 

3 

0-0016 

0-4 

1*7 

4 

0 -0080 

12 -0 

1-87 



Mean 

2 1 


It would appear that the ratios of the energies in successive stages increase 
very approximately in a constant ratio 2, so that the difficulty of ignition is 
on an average doubled at each step. This is the more remarkable since the 
number of molecules in contact with a combining atom is not as a rule 
doubled. With more complex molecules the arrangement of atoms in the 
molecule will probably influence the relative ease of ignition. 
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On the Fluorescence of Iodine Vapour Excited hy Ultror Violet 

Light, 

By Prof, J. C. McLennan, University of Toronto. 

(Communicated by Prof. A. Schuster, Sec. R.S. Received June 24r, — Road 

June 25, 1914.) 

[PtATK 1.] 

I. hiirodiiction. 

In a recent communication* by the writer a new fluorescence spectrum of 
iodine vapour was described which could be stimulated by the light from the 
mercury arc. This fluorescence spectrum consisted of a set of narrow bands 
extending from X 4600 down to \ 2100. While the whole of this spectrum 
wae clearly defined, the moat intensely marked portion of it was made up of a 
set of seven equally spaced bands between X 3315 and X 3175. In obtaining 
the Hpectrurn a highly exhausted tube of fused cpiartz containing a few iodine 
crystals was inserted axially in an ordinary glass Cooper- Hewitt mercury arc 
lamp, with a lateral anode and provided with a short extension at tlie positive 
end, to which the quartz tube was sealed with mastic wax. The quartz iodine 
vapour tube was provided with a window of clear fused quartz, towards wliioh 
the collimator of a quartz spectrograph was directed in taking the photographs. 
When the Cooper-Hewitt tube was in action the arc played directly upon the 
inserted quartz tube and so subjected the vapour contained in it to intense 
illumination. 

In the paper describing this fluorescence spectrum of iodine vapour it was 
pointed out that it was impossible to obtain the spectrum when the inserted 
tube containing the iodine vapour was made of combustion glass tubing. It 
was also pointed out that this glass tubing was found to be transparent to the 
light from the mercury arc down to X 2893*7, and on account of this fact the 
conclusion was drawn that the light which stimulated the iodine vapour to 
the fluorescence referred to must have had a shorter wave-length than 
X 2893*7. 

The present communication contains the results of experiments made to 
determine the range of the exciting light, together with a statement of some 
points of interest in connection with the fluorescence spectrum which 
developed while these experiments were being made. 

* *Roy. Soc. Proc.,* A, vol. 88 , p. 289 (1913). 
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II. The Effect of Temperature, 

In order to ascertain, approximately at least, the temperature at which the 
iodine vapour was maintained when it emitted the fluorescence spectrum with 
the experimental arrangements described above, the projecting end of the 
quarts tube containing the vapour was cut off and one of the terminals of a 
nickel-iron thermo-couple was inserted. When the Cooper-Hewitt lamp was 
put into action this terminal was shoved along in the tube to different 
positions and the therrao-electromotive force developed at each position was 
noted. Tlie details of this investigation have been described elsewhere^ but 
the chief point of interest here is that at all points along the tube where the 
latter was directly in contact with the arc it was found that under the 
conditions of the experiment the temperature was always within two or three 
degrees of 326° 0. 

This explains the absence from the plates of any trace of the resonance 
spectra which, as Wood has so beautifully shown, iodine vapour emits when the 
light of the yellow and green lines of the mercury arc is allowed to fall upon 
it ; for in a communication from him to the writer he states that such 
resonance spectra arc no longer emitted when the vapour is raised to a 
moderately liigh temperature. 

Further experiments showed that iodine vapour could be made to emit its 
fluorescence spectrum under stimulation by the light from the mercury arc 
at room temperatures as well as at the temperature 326° C. To show this, 
some iodine crystals were placed in a tube of clear fused quartz 3*6 cm. in 
diameter and about 60 cm. in length. The tube was then placed alongside 
of a Cooper-Hewitt mercury arc lamp, also made of fused quartz. When 
this lamp was put into action, and the light emitted by the iodine tube 
through one of its ends examined with a quartz spectrograph, it was found to 
give both Wood’s resonance spectra and the fluorescence spectrum described 
by the writer. With a set of lighted Bunsen burners placed beneath the 
iodine tube, and the latter raised to a red heat, the resonance spectra once 
more disappeared from the photographs, but the fluorescence spectrum 
remained, with no apparent diminution in intensity. It was therefore 
evident that, while the resonance spectra could only be obtained at 
comparatively low temperatures, the fluorescence spectrum could be 
obtained from the iodine vapour over the whole range of temperatures froin 
that of the room up to about 1000*^ C, 


*Roy. Soc. Canada Proc.,* May, 19X3. 
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III. ExaUation Begwn. 

In attempting to locate the range of wave-lengths of the light which 
stimulated the iodine vapour to fluorescence, the apparatus shown in fig. 1 
( Plate l)wa8 used. AB was an inner tube of fused quartz and CD an outer one 
of the same material. The diameter of the inner tube was about 2 cm., and 
the space between tlie inner and the outer tube was about 5 mm. The 
inner tube, which was highly exhausted, contained the iodine vapour. 
When this double tube was placed alongside of the quartz Cooper-Hewitt 
mercury lamp in action, it was fotmd that the iodine was stimulated to 
fluorescence when the space between the two tubes was filled with air or 
oxygen at atmospheric pressure or with distilled water, but not when it was 
filled with glycerine. With the latter substance, however, the spectrograms 
showed that light down as far as X 2340 entered the iodine tube. The 
light which stimulated the iodine to fluorescence must therefore have been 
of a still shorUjr wave-length than X 2340. In seeking for a lower limit to 
the region of excitation, it was not found possible to determine it very 
definitely. Layers of fused quartz and of water, each 5 mm. in thickness, 
were both found to be still transparent to light as short as X1849 in 
wave-length. Lyman* has shown that crystal quartz is not transparent to 
light of shorter wave-length than X 1600, and it is probable that this may be 
taken as the limit of transparency for fused quartz as well. 

Lyinanf has also shown that air at atmospheric pressure has a strong and 
wide absorption band beginning at X 17110, and oxygen, at the same pressure, 
a band beginning at X 1760. As there was always an air space between the 
lamp and the iodine tube of from 3 to 4 cm., it is clear that the light which 
caused the fluorescence must have been of longer wave-length than X1760. 
The experiments described so far, therefore, show that the excitation region 
lay between X 2340 and X 1760. As the strong lines in the mercury arc 
spectrum in this region are given by HandkeJ and by Wolff§ as X 1942*3 
and X 1 849*6, it appeared that the fluorescence was excited by the light 
of one or both of these lines. 

To test the matter still further, a series of photographs was taken 
with a small quartz spectroscope, with its slit close to the quartz mercury 
lamp. In all these photographs the line X 1942-3 came out <piite clearly, 
but no trace of the line X 1849’6 was obtained. This, as Kirschbaum'sH 

* Lyman^ * Astrophya. Journ./ vol, 25, No. 1, p. 45 (Jan., 1907). 
t Lyman, * Aatrophys. Journ.,* vol. 27, No. 3, p. 87 (March, 1905), 

Z IBhindke, ^Unterauch, im Geb, dor Sckumannatrahlen,’ Berl, Dias., 1909, 

§ Wolff, ^ Ann. der Phya.,' vol. 42, p. 826 (1913). 

(I Kiraohbaum, ‘Electrician/ vol. 72, p. 1074 (1914). 
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later experiments have shown, was due to the fact that the light of this 
wave-length is strongly absorbed by mercury vapour. The comparatively 
cool layers of mercury vapour in the lamp close to its walls, tlierefore, 
must have acted as an absorbing screen, and so prevented the light 
of that wave-length from getting out of the lamp tube with sufficient 
intensity to affect the photographic plates. From these experiments it would 
appear, then, that the light from the mercury arc which stimulated the 
iodine to fluoresconco was chiefly that of wave-length \ 1942*3. 

Further experiments were made wdiich showed that the fluorescence of 
iodine vapour could be excited by light from the mercury spark in air as 
well as by that from the mercury arc. In these, two tubes of oi'dinary 
silica tubing were sealed into two iron cups, and were tlien fastened to a 
support, with their lower cuds some distance apart and with their upper 
ones close together. The tubes were filled with mercury and the iron cups 
were connected to the two terminals of an induction coil with two half- 
gallon Leyden jars in parallel. In spectrograms taken with this form of 
mercury spark, the line X 1849*6 came out quite clearly, and the line 
X 1942*3 was much stronger than it was on the plates taken with the 
mercury arc. 

With the mercury spark placed close to the iodine tube, it was found that 
the fluorescence was considerably stronger than it was when the mercury 
arc was used to stimulate the vapour. 

After it was found that fluorescence could be excited in the iodine vapour 
by the light from the mercury spark, the light from the spark between 
terminals of a number of other metals was tried. These included aluminium, 
zinc, cadmium, and magnesium, and with all of them it was found that 
strong fluorescence was excited. This made it clear that it .was not 
necessary for the exciting light to be of one definite wave-length, and that it 
sufficed if tlie light was confined to a portion of tlie spectrum lying 
somewhere near X 1942 and between X 2340 and X 1760. 

In order to determine within nairower limits if possible the excitation 
range of wave-lengths, some additional experiments were made with the 
tube shown in fig. 1 , in which mixtures in different proportions of glycerine 
and water were used as absorbing screens. When a screen of 5 parts 
water to 1 of glycerine was used it allowed the light from the zinc spark 
corresponding to X2063 to enter the iodine tube, but cut off the line 
X 2026 and all below it. With an aluminium spark this screen also cut off 
the light corresponding to the strong line X 1990, as well as all light from 
that source of still shorter wave-length. However, when this 1 to 5 
glycerine-water screen was used and the light from the aluminium, the 
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zinc, the cadraium, or the mercury spark was allowed to fall upon the tube, 
it was found that the fluorescence spectrum always came out, though very 
faintly, on the plates^ In these experiments the exciting light must liave 
belonged to wave-lengths between X 2340 and X 2063, and as the fluorescenoe 
obtained under these circumstances was faint, it would go to show that 
the excitation range of wave-lengths began somewhere near X 2100, It was 
found impossible with the resources available to ascertain with any exactness 
the lower limit to tho excitation region, but it may be of interest to point 
out that although the iodine vapour was exposed for 26 hours to the 
7 -rays from 30 rngmi, of p\ire radium bromide, and also later for two hours 
to the strongest Eontgen rays, no photographic indication of fluoicscence 
was obtained* 

From the fact that very strong fluorescence was obtained with light from 
the aluminium and mercury sparks, and the fact that the spectra of these 
metals both include a strong line between X1900 and X2000, it would seem 
tliat the maximum of the excitation range of wave-lengths was somewhere 
between these limits. 

As the bands constituting this fluorescence spectrum began at about 
X4600 and were detectable down to about X2100 it would seem from what 
has gone before that we have to do here with a case of ordinary fluorescence 
where Stokes' law is followed and where fluorescence is stimulated by the 
light from any one of a number of wave-lengths of a limited portion of 
the spectrum. 

Further, it is clear that this ultra-violet fluorescence spectrum of iodine 
vapour is entirely different in its characteristics from the resonance spectra 
obtained by Wood with iodine vapour, for (^s he has shown) the constitution 
of each of these resonance spectra is determined by and depends solely upon 
exciting light of a single wave-length. 

IV. Fltwrescence of the VapouTB of Iodine Gom'poumh^ 

When working with the original form of apparatus in which the iodine 
tube was inserted axially in a Cooper-Hdwitt lamp and exposed directly 
to the light of the mercury arc, experiments were made to see if the vapours 
of a number of the compounds of iodine could be stimulated to fluorescence. 
None was obtained with zinc, bismuth, or phosphoric iodide, but with both 
iodoform and mercuric iodide a fluorescence spectrum was obtained which 
contained the seven well-marked bands of the iodine vapour fluorescence 
spectrum between X3316 and X 3175. 

The fluorescence spectrum of mercuric iodide, however, differed from that 
of iodine vapour in that it possessed some special characteristics of its own. 
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It contained a aet of five narrow well marked bands or lines between 
X 3130 and X 3020, a set of fine lines, less well marked, between X 3020 and 
X 2923, and also a set of fine lines extending from X 4369 to X 3660. It 
contained besides two broad fluorescent bands with their centres approxi- 
mately at X 3440 and X 3280 respectively. In addition to the seven well 
marked lines of the iodine vapour fluorescence spectrum referred to above, 
the fluorescence spectrum of iodoform also contained the bands of the iodine 
fluorescence spectrum between X 4290 and X 3626, but no others. The 
fluorescence spectrum of iodoform differed from that of mercuric iodide in 
tliat it did not contain any characteristic bands or lines of its own. 

With potassium i(xiide a fluorescence spectrum was obtained which did 
not contain any of the bands of the iodine vapour fluorescence spectrum. 
It consisted, however, of two sets of unequally spaced fine lines, the one set 
lying in that portion of the s]:>ectrum between X4047 and X3840, and the 
other in the portion between X 3075 and X 2940, 

V. Resonance Spectra of Iodine Vapour. 

An attempt was made with the tube shown in fig. 1 to see if iodine vapour 
could 1)6 stimulated to the emission of resonance spectra other than those 
produced by the light from the mercury arc of wave-lengths X 5790*66, 
X 5769*6 and X 5400*74. The space between the two tubes was filled with 
glycerine to prevent the ultra-violet fluorescence of the iodine vapour, and the 
tube was placed alongside of and close to a long quartz Cooper-Hewitt mercury 
ar<3 lamp in action. Although a number of photographs were taken with the 
quartz spectrograph of the light issuing from the end of the iodine tube, none 
of them contained lines other than those of the mercury spectrum and the 
lines of the resonance spectra excited by the light of the three mercury lines 
mentioned above. None of the lines of the mercury spectrum below X 5460'74 
and down to X 2340 gave any indication of possessing the capacity in any 
degree of exciting the iodine vapour to the emission of a resonance spectrum. 
From this result it is evident that resonance spectra of any considerable 
intensity can be obtained from iodine vapour only when the latter is 
subjected to a stimulation by liglit confined to a narrow portion of the spectrum 
in the neighbourhood of the yellow and green linos of mercury. 

VI. Sumnmry of Remits, 

(1) It has been showui that iodine vapour can be stimulated to the emission 
of a fluorescence speotrum excited by ultra-violet light at temperatures 
ranging from room temperature to at least as high os 1000^ C. , 
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(2) Iodine vapour ceases to be capable of emitting the resonance spectra 
discovered by Wood at some temperature below 326® C. 

(3) The wave-lengths of the light which can stimulate the ultra-violet 
fluorescence of iodine vapour lie between \ 2100 and a lower limit probably 
about \ 1800. 

(4) Eesonanoe spectra cannot be obtained mth iodine vapour when 
illuminated with light from the mercury arc of wave-length shorter than that 
of \ 5460*74. 

(6) Portions of the ultra-violet fluorescence spectrum of iodine vapour were 
obtained with iodoform and mercuric iodide at a temj^erature of about 326° C, 

(6) Mercuric iodide and potassium iodide at a temperature of about 326° C, 
were shown to exhibit characteristic fluorescence spectra of their own when 
excited by light from the mercury arc. 

In conclusion the writer desires to acknowledge assistance received from 
Mr. P. Blackman and Mr, F. Mezen throughout the investigation. 


EXPLANATION OF PHOTOORAFH. 

(Plate 1, Fia, 2.) 

The reprtjduction shows, in addition to the, lines of the mercury arc, the bands of the 
ultra-violet fluorescence «pe<Jtrum of iodine vapour and the lines of Wood’s resonance 
spectra. It was taken by exposing iodine vapour in a highly exhausted tube of fused 
quartz to the light omitted by a fused quartz Coojwsr-Hewitt mercury arc lamp. The 
lines of the resonance spectra lie lieyond X67d0'669. Tl»e fluoresceiuie bands are well 
maiked between X 3341*7 and X 3131*60, and can also be seen in the background both 
above and below these two limits. 
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The Production of Neon and Hdium hy the Ehctriocd JH^chcerge. 

By J. Norman Collie, F.R.S., Hubert S. Patterson, and Irvine Masson. 

(Received July 23, 1914.) 

Last year two pa^xirs were publiebed by two of the authors (J. N. C. and 
H. S. P.) On the Presence of Neon in Hydrogen after the Passage of the 
Electric Discharge through the latter at Low Pressures ; also a note by the 
third author (I, M.),t Since that time a very large number of experiments have 
been made, but the problem of where the neon comes from, and also the 
helium which was often noticed to be present, as yet has not been finally 
solved. 

Last December a paper was read at the Royal Society by the Hon. R, J. 
Strutt, in which he described a new form of apparatus, and his unsuccessful 
attempts to obtain either neon or helium. The important point about the 
apparatus used was that all the operations were carried out so as to avoid 
tiunsference of gases. These precautions were, as far as jkwssible, to guard 
against atmospheric contamination of the gases under observation. 

Of course, the authors, from the very beginning of the work, were keenly 
alive to the fact that the slightest leak in the apparatus meant noon and 
helium in the ond-product. Obviously, therefore, they took every precau- 
tion to prevent it; and, as a result of the numerous control experiments 
to be described later, they believe that the precautions were successful. 

Hitherto no description of the apparatus used has been published, and to 
do so in detail would be cpiite out of the question, for the form of the 
apparatus has been perpetually changed as circumstances suggested, each 
of the authors making his own, and more or less working along his own 
lines. It is necessary, however, to give as short an account as possible of 
the more important kinds used. 

. • 

ExyperimetUal, 

The coils used would each give a 12-inch spark ; an ordinary hamioer 
internipter was used on one of them (J. N. C.), and mercury intermpters 
for the others. There seems to be little doubt that the nature of tdie 
break has some influence on the result of the experiment, and also that 
in the case of the mercury break bettlr results have been obtained when 
a rectifier has been used, to produce a unidirectional disdbarge. Mweover, 

* ‘Ohem, Boc. Tjum.,’ vol. 103, p. 419 (1913^5 ‘ CJhem. Soc. Proc.,' voL 99, p. *71 (MUE). 

+ ‘Ch«m. Soc. Proc.,’ 1813, p. 833. >■ 



Production of Neon and Helium by the Electrical Discharge. 31 

it 18 certainly a fact that, with the platinum break, up to July, 1913, 
much larger yields of neon and of helium were obtained than after this 
date, when new contacts were fitted. The currents used in the secondary 
circuit naturally varied considerably, but averaged a few milliami^^res. 

Formsi of Dwhxirgc Tube . — These ranged from simple Plucker s^xictrum 
tubes and bulbs with disc electrodes to the more elaborate jacketed forms 
shown in figs. 1 to 4, as well as many others not represented. 

Testing Apparahts. — Several types have been used. They may be classified 
as ** transference and “ non-transference types, according to whether the 
gas under examination was introduced from outside by means of an inverted 
siphon over mercury after having been pumped out of the experimental 
tube, or whether it was admitted to the testing apparatus directly, by simply 
opening a tap between this and the experimental tube. 

If hydrogen is present in the gas, this has to be got rid of tefore examina- 
tion, in order tliat its spectrum shall not mask those of other gases which 
may be present. At first this was don© by exploding the gas with excess 
of oxygen, either in an explosion burette or in tlm small tube used for 
collecting it, which had platinum wires sealed through it ; the residual gas 
was then transferred to the Bamsay apparatus, in which oxygen and 
moisture are removed by cooled charcoal, and the residual helium and 
neon are examined spectroscopically by forcing them over mercury into a 
fine capillary tube with a fine platinum wire sealed through the top. 

One of the present types of “ non-transferenoe apparatus is shown in 
fig. 6 (H. S. P.). A is the discharge tube, whence the gases can be admitted 
to the dead space, in which they can l>e driven up to the platinum wires ¥ to 
be exploded under nearly atmospheric pressure with oxygen which has been 
admitted from a aealed-on tube (not shown). The resulting moisture is 
condensed by cooling the limb C in liquid air, and the excess of oxygen is 
taken iip by sodium-potassluni alloy in the bulb D. The residual gas is 
examined spectroscopically in the capillary tube B. 

In the other forms now used, hydrogen is removed by copper oxide heated 
in a hard glass tube containing also phosphorus pentoxide, and numerous 
other modifications have been employed. 

The oapillary tubes used are of the finest bore, so fine that when the 
mercury is once admitted it can be drawn out again only by strohgly heating 
tile tube. Bough measurements o^he volume of residual gases can be made 
by oalibrating the oapillary. 

It is found that the minimum quantity of neon detectable probably equals 
that contained in a few cubic miUimetoes of atmospheric air. If, owing to 
defoctive working, the neon aotuHly was atmospheric, the accompanying 
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argon could be very easily seen (as the ratio Ar ; Ife in air is about 700 : 1), 
whan the particular method used was such as might have eliminated nitrogen 
teforehand ; in the apparatus depicted, nitrogen naturally made its presence 
at once evident if a very small part of a cubic millimetre of air was present. 

Stmimary of Jlesults. 

In the first place, we wish to point out that a great many of our experi- 
ments have yielded negative results, for as yet unexplained reasons. In the 

following we give an account chiefly of the 
positive experiments. 

A, Different Electrodes — 

Aluminium , — The apparatus used in the 
experiment where much helium and neon were 
found (J. N, 0.) in the outer tube which 
surrounded the experimental tube* is given in 
fig. 1. B is the discharge tube, with moderately 
thick electrodes ; A is the outer tube. Where 
the outlet tube of B passes through the neck of 
A, at C, was a thick piece of iodiarubber tubing 
tightly wired and surrounded by a cup of 
mercury. Several modifications of this kind 
of tube were made later, but although small 
quantities of helium and neon were noticed in 
the outer tube, never again was the yield at 
all comparable with that obtained in the first 
experiment 

Fig. 2. — ^The description of an experiment 
with this apparatus (J, KT. 0. and H. S, P.) has 
been given.f It was designed in order that 
the wires connected to the electrodes in the 
inner tube A passed thxotigh the outer tube B 
so that there were no live wires in the outer vessel Helium and neon 
were found in the gases pumped off from the outer vessel. But the remark- 
able fact WES noticed that the hydrogen (4*6 o.c.) admitted to the inner 
tube and sparked at the end of the emeriment had diminished to about 
0’4 C.C. Moreover, after breaking up tbe^ube and melting the electrodes and 
the powdered ends of the inner tube in a hard glass tube, only 0*6 c.o. of 

* *Chem. Soc. Traa«.,* vol. 103, p. 
t *Chem. Boc, Proc.|’ vel 29, p. 217. 
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hydrogen was obtained. This apparent disappearance of hydrogen is always 
a noticeable fact during the discharge, and rip to the present has not been 
entirely explained* 
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A series of experiments (I. M.) were conducted with the tube shown in 
flg. 3. A is the anode» B a perforated cathode, C the end of the inner 
tube blown out thin, D a capillary tube for examining spectroscopically any 
gas in the outer tube by raising the mercury so as to fill the outer tube up 
to the bottom of D. Before beginning the trials, both inner and outer tubes 
were completely exhausted, after “ washing ” with pure oxygen, with the aid 
of cooled charcoal. The result of 12 experiments can be briefly summarised* 
Only in one experiment, viz., the second, was neon found in the gas from the 
outer tube, where its amount corresponded with that in about I c.c, of air ; 
but it was not accompanied by any nitrogen. As to the gases in the 
inner tube, the first six tests were carried out with hydrogen in it, and in 
none of them was either neon or helium found. In the next three tests 
oxygen was used, and yielded similarly negative results* On again using 
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hydrogen (the same preparation as before), three experiments each yielded 
considerable amounts of neon. The quantities corresponded with that in 
about 1/10 to 1/6 c.c. of air ; but in no ease was nitrogen found in the gas. 
It may be remarked that in these three positive experiments, the top of the 
glass tube protecting the cathode rod was attacked by the discharge. 

Another experiment (H. S. P.) with aluminium electrodes was carried out, 
using the testing apparatus of fig. 6 : — 

(1) Control , — Hydrogen left in apparatus without discharge; then tested. 

No Ne nor He. 

(2) Discharge passed for 8 hours through hydrogen; tested as before. 

Ne found. 

(3) Control . — Procedure exactly as in (1). No Ne nor He. 

These were repeated, with an identical result. 

The chief results with other electrode materials may be tabulated. In all 
oases hydrogen was the gas used. 

Table I. 


1 Electrodes. 

Tube. 

Expis. 

Gases found. 

Notes. 

Observer. 

Pd 

i. 

1 

Much Ko 

No Ng. Ar test not applied. 

I. m. 


B 

1 

strong Ne, some H© 

No Nj. Ar test not applied. 

I. M. 


B 

2-8 

None 

— 


Ctt 

A 

1 and 2 

None 


J, N. C. 


A 

8 

He in jacket 



J. N. 0. 


A 

4 

Little He in jacket ... 

— 

J. N. 0. 


B : 

1 

Chiefly He, some Ne 

No transference 

H. S. P. 

Pb 

! 

1-8 

Chiefly He, some Ne 

No transferenoe 

H. 8. P. 

Tl 

1 

1-4 

Ho, trace Ne ..... 

No decrease in He yield ... 

H. S. P. 

Iji ' 

A 

1-5 

Go^ He, trace Ne ... 

No decrease in 1 week . 

H. 8. P. 


B 

1-6 

Same 

Same 

H. S. P. 

Na 


1 

Cliiefly Ne, some He 


H. S. P. 

K 

A 

1-4 

Good He, trace Ne ... 

fNo decrease in 4 days, whenl 

H. S. P. 


B 

1-4 

; Same 

X electrodes all rolatiliaed j 

H. S. P. 

UsL 


1 

None 


H. S. P, 



i 






B. BoinhardmmJt — 

Tubes have been set up in which various substances could be made 
the anticathode. The electrodes were of aluminium. The results are given 
in Table II on p. 36. 

It will be seen that the results are in general agreement with those 
ol^tsined by Sir J. J. Thomson by the use of the positive ray method ; * the 
b^ef ; difference which is noticed is that in bur experiments nearly all of 

* Bays of Positive Electricity ' (Longinans Green, 1913). . 

n 2 
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Table 11. 


Aiiti<»atliode. 

Kxperim«nU. 

Onaes found. 

Hotel. 

Obeerver. 

Vh 

1-5 

H®, 80111© N© 

Ho decrease in yield. 

H. S. B. 

T1 . ..... 

1-10 

Good H© 

Hon^transferenoe. Ho 

H. 8. B. 




deereaie in 100 houn* 





use. 


, Ur 

A1 

Good H©, traoo 

Hon -traniferenoe. 

jr. H,0, 


A2 

Bure He ' 

Hon*transferenoe. 

J. H. 0. 


B1 

Gt)od He, tmoe N© 

Non-transference.* 

J. H. C. 


B2 

Pure He 

Hon -transf erenoe.* 

9. N. 0. 

kf 

1-5 

GoodH© 

Ho decrease in yield. 

H. S. B. 

KOI 


Good He 

Ho deoxeaee in yield. 

H. 8. B. 

KT 

' 

Fair He» trao© Ke 

H. S. B, 

BbCl 

' X 

Strong He, some Ne . . , 

— 

H. 8. P. 


2 

SlighU^ }©S8 of both . . , 


H. S. B. 


8-7 

Constant jield, m in 2 


H. a P. 

08,00, 

1-4 

Chiefly He, some He ... 

— 

H. 8. P. 

OttO 


Doubdul traces 

Long * continued bom- 





ba^ment. 


BeO 

— 

Same 

Long *> continued bom- 





bardment. 



* Ur powdered and heated to redness in itacuo beforehand. 


the above substances gave yields of gas which did not seem to decrease even 
after long bombardment. 

C. Mercury Arc — 

The next experiments to be described arose from the observation that gas 
which was pumped out of an old silica mercury arc lamp contained a large 
quantity of both helium and neon. This lamp (for which we are indebted 
to Mr. C. Bastian) had a tantalum anode. It was in good order when we 
opened it after it had run for about 4000 or 5000 hours. 

A discharge apparatus was then set up. It consisted of silica throughout. 
Essentially, it was a f|-ahaped mercury arc lamp with barometer-1^ letuls 
which dipped into mercury reservoirs, whereby the current entered. A side 
tube on oue of the limbs was connected to a pump by means of a mercury- 
jacketed ground joint. This is a perfectly reliable method of uniting silica 
to glass if good rubber grease is used as a lubricant. After pumping out 
and washing out the apparatus with pure oxygen, the arc ^was started by 
raising the mercury reservoirs. The ounent taken was S'! amperes, fttnn a 
110-volt circuit. 

Table III shows the results of the tests, which all yielded helium. A 
second series was then carried out, in which the arc ^nas jacketed wi^ cold 
water, with the object of testing the possibility that atmospheric hediam 
had diffused through the hot silica. The current' tidien was 5 amp&tes. Am 
the table shows, the production of helium remiuned unalfected. 
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Table irL—Merciuy Arc (J. N. C. and L »£.). 



Hours* run. 

G-os found. 

Approx, quantity. 




ou. mm. at 1 atm. 


r 

12 

Chs«0T Ho J somo No 

0HX)1 



12 

Ohielly Ho ; less No 

0*001 

A^c ux^acket)ed i 


20 

Somo 

0-0006 


le 

Same 

0*0016 



dO 

Nearly pore He 

0-001 


r 

5 

Same 

0-0006 



0 

Same 

Very small 

Are jadketed 

: 

20 

.He, traoe No 

0*0006 

Fresh mercury 


j 

8 

Same 

0-0016 



82 

Same 

0*001 


This series would seem to show that the source of the helium is not 
diffusion from air ; to throw more light on the matter, however, another 
silica apparatus was devised and used (I. M.). This is seen in fig. 6. It is 



SiljOA merpuf^nstrc 

Tta. 6 . 
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a fj-«haped arc lamp as before, but the legs of the fj are sealed iuto mercury 
reservoirs, each of which, besides bearing the wire for leading in the current, 
has also a connection with a Fleuss pump and an air inlet By appropriately 
adjusting the pressure in the reservoirs the mercury can be set at any level 
in the bend. The apparatus can he exhausted by a Topler pump connected 
to the tube A, wliich also carries a permanganate tube for generating oxygen 
to wash out the apparatus. The whole arrangement stands in a jar of water. 
During an experiment and the subsequent examination of the gas all possible 
communication with the outside is prevented by the mercury which cuts 
off from its surroundings the bend where the arc is in action. Finally, 
for testing the gas produced, it is simply necessary to admit air to the 
reservoirs so that the mercury rises into the tube B at the apex of the bend ; 
the top half of this is very fine capillary tubing, at the top of which an 
extiemely thin molybdenum wire is sealed through the silica to serve as one 
electrode in the spectroscopic examination of the gas which is thus forced 
into the capillary over the mercury. This apparatus thus is free from all 
possible objection on the score of leakage through taps or in transference 
and it has the advantage that a test may be made in a few minutes at any 
stage of an experiment. 

The current used was the same as for the former apparatus. From the 
first, however, the arc was protected from the air by being water-jaclceted, 
and oven on continued discharge no helium or neon whatever was produced. 
An experiment was made in which hydrogen was admitted without affecting 
this result ; it was noticed, however, that after about 10 minutes of passing 
the arc discharge the whole of the hydrogen (about 1 c.cO had completely 
vanished, and the mercury could be driven practically to the top of the 
capillary. 

The water-jacket was now removed, and a short run ” sufficed to produce 
a fair yield of helium. Another and longer run gave further helium and a 
trace of neon. 

On again surrounding the arc with water, after pumping oft these gases, a 
long run caused the appearance of a very slight trace of helium. 

The results of this series point to the likelihood that the helium and 
neon in the silica mercury arc are atmospheric, in which case their appear- 
ance in the jacketed trials of the first apparatus would be attributed to 
theii* liberation from the walls through Which they had been diflUsing. 

The diflhsion of these gases through silica at higher temperaturee is Well 
known, but that it should occur here, where the surface temperature of the 
silica is only about 400*^, could not have been predicted, and further experi- 
ments are in progress, as the matter cannot be regarded as being finally settled 
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It was stated in the second of the earlier papers that the passage of the * 
electrodeless discharge through hydrogen had yielded helium. This was 
undoubtedly the case in at least one set of experiments, where large yields 
were obtained (H. S. P,). In repeating the experiments with slight modifica- 
tions (H. S. P. ; I. M.), negative results have been obtained, which seem to be 
related to the presence or absence of mercury vapour. Further work 
(H. S. P.) has partially confirmed the early results, but the conditions 
favourable to the production of helium are still uncertain. 

Some remarks in the same paper dealt with a gas which showed a carbon * 
spectrum, and which rapidly contracted when sparked in the examination 
capillary. This has been found to be merely a trace of oxygen (containing 
carbonaceous gas from the walls of the tube), which had remained uncondensed 
by charcoal cooled in liquid air, and which, when sparked with the mercury, 
was absorbed, forming solid oxide or ozonide of mercury. 

Preamtims, 

It has already been mentioned that the presence in the apparatus of the 
slightest amount of air, even a few cubic millimetres, would mean that neon 
would be found in the residual gases. The most likely way in which air 
might leak into the apparatus was up the fall tubes of the mercury pump 
and of the testing apparatus. Small bubbles of air can creep up from the 
rubber tube between mercury and glass, but these can be arrested by using 
an efficient air trap at the bottom of the fall tube. For some time we have 
used not one, but two such traps. Another point is, that never since the 
beginning of these experiments have any of the pumps, apparatus, or 
electrode materials been used for neon or helium. Further, in order that no 
traces of air should remain before commencing an experiment, pure oxygen 
was always admitted to the completely exhausted apparatus, and then 
pumped out again, the discharge tube being at the same time strongly 
heated with a flame. Charcoal bulbs were always heated in boiling sulphur 
vapour before and after each test, and the fine platinum wii*e at the top of 
the capillary spectrum tube, as well as the capillary itself, were heated and 
sparked to drive out any occluded gases. By these precautions all residual 
gas is entirely removed, and this was proved, not once, but generally between 
each test of gases. 

If gas bad to be transferred from* one place to another, the small test-tubes 
uaed were cleaned by being filled once or more with pure oxygen, which was 
then withdrawn into a gas burette, aud these tubes, containing gas over 
mercury^ were lifted about in a small glass spoon or a porcelain crucible. 
By the ttse of proper care it is most unlikely that atmospheric contamination 
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, could occur, and this was continually being proved by direct tests, siaaoe 
gases so manipulated were found to be completely free of neon or Ixelium 
when subjected to testing in the usual way. Moreover, in many of the 
experiments, the total volume of gas used was so small that even if it had 
been all atmospheric air, it could not have accounted for the quantities of 
the neon, and still less for tliose of the helium, which were obtained. 

Tlie controls just mentioned also attest the purity of the gases used. 
The oxygen was made usually from potsissium permanganate, but also by 
electrolysis of barium hydroxide or sodium hydroxide solution in sealed 
vessels, which also provided the hydrogen for many of the experiments. 
Hydrogen was also prepared from sodium amalgam and boiled water, from 
aluminium and sodium hydroxide solution {iii vmuo), by heating cut sodium 
{in vwcuo), or from palladium. From whatever source they came, tlie gases 
were not used until they were found to be pure when tested in large quantity. 

Finally, the mercury has always been purified by shaking it with 
mercurous nitrate solution, or, more usually, by sending it in a fine spray 
through a long column of dilute nitric acid. The fact that no neon or 
helium is contained in mercury so treated was proved by several experiments 
(J, N. C.), in which 1000 to 1500 grm. of mercury were boiled m mmo. On 
examination in the usual way, no residual gases were found whatever. 

QoiUrol Tests of the Sparked Gams, — The foregoing precautions and checks 
afford very strong security for the successful avoidance of an air-leak in any 
exi)eriment ; but more direct tests were considered necessary. The most 
obvious one, which was exclusively relied upon in our earlier work, was the 
search for nitrogen. In air the ratio Ha : He is about 80,000 : 1 ; hence if the 
neon detected in an experiment came from air, the nitrogen accompanying it 
would be found in relatively overwhelming quantity. Trials in which very 
minute amounts of air were deliberately admitted and tested in the iisual way 
verified this. 

It is necessary, however, to consider whether in all possible cases 
atmospheric nitrogen would necessarily remain in tlxe gas after it had leaked 
in. Special trials were made (L M.) in which air at low pressure was sparked 
in an ordinary Plucker spectrum tube connected with the pump. Even the 
minutest amounts of air gave a brilliant nitrogen spectrum in this com- 
paratively coarse method of testing : hence it is apparent that in aU the 
experiments which we have described, in which the discharge tubes were 
constantly kept under spectroscopic observation and never showed riie 
nitrogen Spectrum, air did not leak in before or dux*ing the diaebaxge. But it 
was found that after continued sparking of air in the Plficker tuhSii a green 
phosphorescent vacuum resulted ; so that if in an experiment 1/20 of sir 
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were to have leaked in unnoticed, after sparking for about 10 minutes there 
would liave been no visible nitrogen spectrum. However, it was found that 
when the residual gas in the Pldcker tube was transferred to an ordinary 
testing apparatus, nitrogen was plainly visible ; hence, though this gas might 
possibly escape notice during a " run,” it could be discovered in the final 
testing. It might l>e urged that even during this testing, in which the gas is 
spectroscopically examined over mercury, nitrogen might be absorbed so as to 
escape notice. Mercury was found to absorb only small quantities of nitrogen 
when sparked for some time with it at a low pressure, leaving a strong residual 
argon spectrum. A nitride of mercury was formed, which dissociated 
suddenly when moderately heated, and which reacted with Hessler’s solution 
when wetted, 

Tl;iese considerations show that if atmospheric contamination occur at 
any point in an experiment after the ‘‘run,** nitrogen must infallibly be 
detected during the examination. If any contamination occur before the 
“ run,” it would likewise instantly be made manifest on the first passage 
of the discharge through the experimental tube. It is only when an 
infinitesimally slow leak goes on dwing the " run ” that it is possible that no 
nitrogen could be seen at any time ; and to provide against this contingency 
an additional control is necessary, namely the absence of argon from the gas. 
It was proved that this is a reliable test by the trials made in the Pliicker tube 
before mentioned. Though no argon spectrum could, with certainty, be seen 
in the Pllicker tube after continued discharge, the residual gas when put into 
the testing apparatus gave a strong argon spectrum. 

Besides this, it was found that if atmospheric gases have been bombarded 
into the aluminium electrodes of the Pliioket tube, the neon can be extracted 
again (by heating and by passing the discharge) in a comparatively short 
time, together with much larger quantities of the argon. The whole of 
the absorbed argon is not, however, so readily extractable, and it appears 
that this gas is held with much greater tenacity than is neon when it has 
once been bombarded into the electrodes. This signifies that the argon test is 
in reality superfluously delicate as a control ; nevertheless, it was used. 

In all experiments where helium was the chief product, atmospheric con- 
taminatiou is facto excluded ; and as far as our tests have yet been carried, 
contamination seems to be thoroughly excluded in all the experiments. It 
must be mentioned, however, that in the less recent stages of the work, the 
disappearance of nitrogen during discharge was not properly understood; 
hence it is quite possible that some of the experiments in which the nitrogen 
test was exclusively relied upon may have been vitiated by a very minute and 
systematic leakage daring discharge. 
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PomUe S(ntTce» of the Qmes, 

Before coming to this question, we may make some tentative suggestions 
as to why Strutt’s work proved unsuccessful; but at the same time it should 
be pointed out that many of our own exj^eriments have been equally 
unsuccessful. 

(1) A large charcoal bulb undoubtedly absorbs neon, A charcoal bulb of 
the same size as was used by Strutt in his testing apparatus, and a small 
one such as we always used, both with taps, were sealed on to a " non- 
transference ” apparatus (J. N, C.). One cubic centimetre of air was taken, ^ 
and the small bulb was cooled in liquid air. The residual neon occupied 
26 scale-divisions of the capillary at about 1-2 mm. pressure. The gases 
were then boiled out of the small bulb and the large one was cooled instead 
for one hour. Eesidual neon = 8 divisions at as nearly as possible the 
same pressure. Tins residue was washed out with oxygen and rejected, 
meanwhile keeping the tap of the large bulb closed. The tap was now 
opened, the largo bulb warmed up, and the gases from it exposed to the 
small bulb, which was once more cooled in liquid air, The residual gas was 
neon, and it occupied 15 divisions. Hence the large bulb had absorbed 
two-thirds of the relatively very large quantity of neon introduced. The 
experiment was repeated in several ways, always with the same result; 
and when only a very little neon was put into the apparatus, it was found 
that the large bulb absorbed it all, if small successive quantities of oxygon 
were admitted to the dead space so as to wash residual neon into the 
charcoal* 

(2) The capillary used by Strutt was closed with wax and had an outside 
electrode. We have always found it necessary to use a fairly strong 
discharge through the platinum wire which closes the top of the capillary ; 
and further to 1>e sufllciontly sensitive the capillary tubes must be so fine 
that mercury can only be driven down out of them by strong heating. 

(3) Any “splashed” metal in the experimental tube pertinaciously 
retains neon and helium unless it is strongly heated during withdrawal of 
the gas. 

(4) The nature of the discharge through the experimental tube has, as was 
mentioned, a considerable influence upon the yield, and the necessity for 
a unidirectional current has already been pointed out. 

Whatever the causes may be, it may be remarked that Strutt’s results are 
in opposition not only to many of our own, but also to those of Sir J. J, 

* It is necessary to qualify this criticism by mentioning that, despite the u»e of large 
charcoal bulbs^ Strutt was able to detect the neon in 0*01 c.c. of air. 
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Thomson, which apjiear substantially to corroborate ours by an independent 
method. 

A paper has recently been published by Mr. G. Winchester. ♦ By using 
a very high potential discharge in tubes with a high vacuum he finds that 
the gases hydrogen, helium, and neon are set fiee. He also notices the 
uncertainty of production during experiment : in his paper he says : — One 
thing noticeable in tubes of this kind is that, whereas some yield only 
comparatively small amounts of helium, others are very rich in this gas. 
One tube which at first gave only a small amount of helium in comparison 
‘with hydrogen, suddenly after running for 15 days gave out an enormous 
amount of helium for a few days and then suddenly became normal again. 
Since then I have found two tutes that showed the same phenomenon. 
Some electrodes seem to be very rich in helium and some very poor. All 
the aluminium electrodes mentioned in this paper were made of c.p. 
aluminium unless otherwise stated.*' Mr, Winchester believes that the 
helium and neon have been absorbed by the electrodes from the air, but that 
the case of hydrogen is different, and that there is a possibility of its being 
a disintegration product of the metal. 

There remains the question: Since the neon and helium do not seem to 
come from leakage of air, what other origin is possible ? Two hypotheses 
which suggest themselves are : Permeation from the air through the walls 
of the discharge tubes, and previous occlusion in the materials of the 
discharge tubes. 

(1) Penmation . — It was conceivable that under the influence of heat and 
the discharge, glass might be permeable to helium and also to neon in much 
the same way as hot silica. It was proved that heat alone was unable to 
accomplish this, and experiments already described, f in which the discharge 
tubes were enclosed in atmospheres of helium and of neon with negative 
results, disprove this hypothesis. In any case the vacuum jackets with 
which most, of the tubes were provided would have prevented any permea^ 
tion. Nor do the platinum wires sealed through jacket and discharge tube 
act as avenues for the entry of those gases, as is shown by the positive 
r^ults obtained with the gases sparked in tubes like that shown in fig. 4, 
where the outer sealed wire merely touches the inner one and is not 
continuous with it. These facts render the occasional appearance of helium 
and of neon in the outer jackets all the more unaccountable. 

(2) Oeso/iwmwt.-^Especially in view of the fact that in some experiments the 
yield of lieon appeared to cease after some time of running, the hypothesis 

* ‘Physical Beriew,’ N.S>, vol 3, No. 4, April, 1914. 

+ J. N. C., he, p. 422. 
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that the materials of the tubes already contained these gases is an obvious 
one. It has been experimentally put to the test, and so far appears to^ be 
untenable. 

In the first place, the positive results with the electrodeless bulb and those 
with the mercury arc seem to be strong evidence against the metals used 
being the source — in the latter case, since boiling the mercury in vacuo 
yielded neither gas, as has Iwn explained. This has been further studied, 
however, by examining ahuninium. It has been melted in vacuo and the 
evolved gases tested (J. N. C. ; I. M.), They contained no neon nor helium. 
To "make perfectly certain, however, a fresh piece, about f inch long, of the » 
same wire as was used for electrodes in successful experiments, was allowed 
completely to dissolve in potassium hydroxide solution in an apparatus 
whence all traces of air had first been removed. The hydrogen was passed 
directly over hot copper oxide, thence the residual gases could be washed 
directly into the large dead-space of a " non-transference *' apparatus with 
the help of a little oxygen from a sealed-on permanganate tube. There was 
neither neon nor helium in the gas (I. M.). This experiment has been made 
in otliQr ways with the same result. 

Since the metals contain neither of these gases, the only other possible 
store of pi*e-existing neon and helium would be the glass walls of the tubes. 
This has been tested as follows : — 

Melting the glass m vacuo yielded neither neon nor helium. A large 
quantity of the same glasses was used for making the tubes was powdered and 
was acted on by potassium fluoride and strong sulphuric acid in an apparatus so 
arranged that no trace of air was present, the only gas being a little pure 
oxygen. Between oOO and 400 c.o. of silicon fluoride were collected and 
were frozen out by liquid air. The residual gases contained no neon and 
no helium (J, K C.). To see if older glass contained the gases, two speci- 
mens were melted in a hard glass tube in vacuo and the gases tested. 
One was a green glass (Roman), probably from Egypt and presumably at 
least 1500 years old ; the other was an opaque yellow glass (Chinese, Kien- 
lung period), about 150 years old. Neither specimen yielded neon or 
helium. 

Valuable support is lent to these experiments, which negative the occlusion 
hypothesis, by tests described by Sir J. J. Thomson, ♦ who found that 
aluminium salts gave the same quantity of helium on bombardment by 
cathode rays, whether they were made from ordinaiy aluminium metal or from 
the same metal which had originally had helium actually forced into it by 
being made the electrode of a helium spectrum tube. This shows, as he says 

♦ Zoo. p. 126 , 
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that " solution can be relied upon to eliminate adsorbed gas/' Again, the same 
aniJmr describes^ how lead which is boiled in vacuo gives off no helium, but 
does so when bombarded ; tins appears to us to mean that no helium pre- 
exists in the lead. 

It would bo unreasonable in the extreme to suppose that, if helium and 
neon were present as such in any of the materials used, they would not be 
set free on dissolution which is accompanied by gas evolution. Solution of 
aluminium, for example, in potassium hydroxide entails a far more thorough 
physical disintegration of the piece of metal than does bombardment of Jts 
surface. The only tenable supposition is that any inert gases physically 
admixed must be set free ; and we are not justified in assuming anything but 
a physical admixture in the case of inert gases pre-existing in aluminium or 
in glass. The proved absence of neon and of helium from the resulting 
products of chemical action must, therefore, mean that they are absent 
altogetlmr. 

We have endeavoured to put the facts of the case as fully as possible, 
without reference to any preconceived theory. It is not our view that our 
experiments rigidly exclude all the possibilities which have been mentioned ; 
but it is evident that the trend of the results is towards conclusions which, if 
they turn out to he true, would be of vorj^ obvious importance. 

We wish to thank Dr. H. T. Clarke for his assistance during part of the 
work. 


* ‘ Nature/ voJ. 90, p. 646 (1913). 
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On the Flow of Viscous Fluids through Smooth Cirmlar 
By CHAitLES H. Lkks, D,Sc., F.R.S. 

(Eeceived October 1, 1914,) 

1. The problem of the flow of a viecous fluid through a tube of circular 
section is of considerable interest both to physicists and to engineers. Since 
Stokes* showed the connection between the viscosity of the fluid and the 
enapirical formula given by Poiseuillef for the rate of slow or stream-line 
flow of the fluid through a capillary tube, the tube method has been one 
of the most useful and accurate for the determination of viscosity. 

On the other hand, the extensive use of pipes for the transmission of gas, 
compressed air, water and oil, at speeds much above those which obtain 
in a Poiseuille experiment, rendered it necessary to investigate the laws of 

turbulent ” flow of viscous fluids through tubes, and there are at the 
pi'esent time several formuhe iu use by engineers giving the mean rate of 
flow of such a fluid through a pipe in terms of the dimensions of the 
pipe and the diflerence of pressure between its two ends. 

Of the purely empirical formulie at first used, that of Hagen,J according to 
which the difference of pressure between two sections / apart of a 

pipe of diameter rf was given by ^ 

and V the mean velocity, deserves mention owing to its approximation to the 
truth for incompressible liquids os shown by later work. 

WeiabacbJ modified the older equation po^pi^flv^Jd by introducing 
instead of (7/6) and this proposal, as will be seen in the sequel, 

is on the right lines, and gives a fair approximation to the facts so far 
as they relate to the oflect of change of speed. 

2. Reynoldsll placed the power formulae on a rational basis by showing that 

if the fall of pressure per unit length of tlie pipe depended on powers of the 
density />, viscosity tj, and mean speed*?? of the fluid, and on the diameter d 
of the pipe, it must be expressible as where/ and n are 

constants. From the observations of DarcylF he deduced values of n varying 

* Stokes, * Camb. Phil. Trans./ vol. 8, p. 304 (1847). If po, pi are the presaures at the 
two ends of a horizontal capillary tub© of diameter d and length through which a fluid 
of viscosity r) flows with mean velocity v, then jPo*“jPi * 32iEi/v/<f*. 

+ Poiseuille, * Comptes Bendus/ vol. 15, p. 1167 (1842). 

t Hagen, ‘Math. Abh./ Berlin Akad. (1854), p. 17. 

§ Weisboch, “Mechanics/^ quoted in Gibson, ‘ Hydraulics/ p. 197. 

II Keynolds, ‘Phil. Tmis./ vol. 174, p. 9S5 (1883) ; ‘Scientific Papers,' vol. 2, p. 97. 

t Darcy, ‘Comptea Bendua,' vol 3d, pp. 407 and 1109 (1854), and ‘M^moires Acad, des 
Sciences,’ vol. 15, p. 141 (1858). 
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from 1*79 for glass and lead pipes to 1*88 for new and 2*0 for old cast iron 
pipes. 

This not proving sufficiently general to cover all the observations available, 
Unwin* proposed the modified expression and found values of n 

from 1*72 for wrought iron and tin plate to 1*95 for now and 2*0 for old cast 
iron pipes, while x varied from I’l for tin plate to 1*16 for new and old cast 
iron and 1*39 for wrought iron. 

3. The important results which have been obtained by Ur. Stantonf and 
by Dr. Stanton and Mr. PanuellJ at the National Physical Laboratory during 
the last three years from observations of the flow of air, oil, and water 
through smooth brass pipes of diameters from 0*3 to 12 cm. at speeds froxn 
5 to 5000 cm. per second, seem by their accuracy and consistency to justify 
a re-examination of the subject with a view to the establishment if possible 
of a connection l>etween the physical properties and njean speed of the fluid 
and the diameter, length, and pressure of the pipe, which shall hold with 
greater accuracy and over a wider range than the existing -formula have 
proved themselves capable of doing. 

The data available for the examination of the flow in smooth pipes, e.g, 
drawn brass or lead or bitumen covered pipes, include, in addition to the 
results given by Stanton and Pannell, those of Saph and Schoderg on water 
in pipes from 0*3 to 5 cm. diameter, which agree very closely with those of 
Stanton and Pannell, except near the lower limit of speed when the flow is 
changing from the turbulent to the stream-line type ; those of Darcyll on 
water in lead or bitumen covered pipes from 3 to 28 cm. diameter, which 
give resistance to flow rather greater than those found by the former 
observers but varying with speed apparently according to the same law, and 
those of BeynoldsIT on water in lead tubes 0*6 and 1*3 cm. diameter, which 
give less resistance than any of the others but apparently show the same 
law of variation with speed. Stanton and Pannell give a graphical com- 
parison of all these results in fig, 5, p. 212, of their paper, 

4. On the theoretical side of the investigation we have the ** Principle of 
Dynamical Similarity which, whether established by an examination of the 


♦ Unwin, ‘Induatrie*/ vol. 1, p. 51 (1886). the pi'eeent position of the 

subject will be found in XJnwin’s article “ Hydraulics ” in the ‘ Encyclopeedia Britanuioa/ 
llth edition, and in Gibeon'is ‘Hydraulioe.* 
t Stanton, ‘ Boy. Soc. Pmo./ A, voL 85, p. 366 (1911). 

I Stanton and Pannell, *PhiI. Trana.,* A, vol, 214, p. 199 (1914), 

§ Saph and Schoder, ‘ Amer. Soc. Civil Engs. Proo./ vol, 51, p. 2^ (1908), 

IJ Darcry, * MtoLoirea Acad, dea Sciencea,* vol. 15, p. 141 (1858). 

^ Reynolds, ‘Phil. Trane., » A^ol 174, p. 964 (1883). 
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equations of motion of the fluid, as by Stokes* and Helmholt2,f or by the 
doctrine of dimensions of physical quantities, as by Bayleigh,j: shows that for 
the flow of viscous fluids through pipes, if for a onmber of cases vdfv has tKe 
same value, where v is the speed, d the diameter of the pipe, and v the 
kinematical viscosity, then for the same oases E/pv* will have the same value, 
where li is the resistance per unit surface of contact of fluid and pipe. 
Hence, if vdjv be taken as the abscissse, and K/p»* as the ordinates, every 
case of motion of a viscous fluid through a pipe will be represented by a point 
of the diagram, and the whole of the points will lie on a curve if the principle 
is strictly applicable to such oases, but will cover a strip of width which will 
increase as the applicabUity of the principle decreases. 

The observations made by Stanton and by Stanton and Pannell on the 
flow of air and water through pipes show that the locus of the points in 
the diagram, if v, the velocity, be taken as the mean velocity over the whole 
section of the pipe, is a narrow stnp the width of which is only of the order 
of the errors of experiment, and that for cases in which vdfv is the sauie, the 
law of distribution of velocity over the cross section is the same. 

Understanding by v in the above statement of the principle, the mean 
velocity of flow, one of the most important results of the National Physical 
Laboratory experiments is the proof of the applicability of the Principle of 
Similarity to the turbulent flow of fluid in pipes, although the eddies set up . 
in the pipes may not have dimensions in the same ratios as the diameters of 
the pipes, which the principle strictly demands. 

Taking then to lie a function of vdfv, that is si ^{vdfp), 

it remains to determine the simplest form of the function ^ which will 
embody the results of Stanton and Pannell and of Saph and Sohoder, which 
are in close agreement and appear to be much more accurate than the results 
previously available. 

The curve given by the former obeervers connecting R/pv* with log (vd/v) 
suggests a relation of the hyperbolic type, and on plotting Iog(R/pv*) as 
ordinates against log(i’«!/v) as absciss® the curve was found to be slightly 
concave upwards, showing that the resistance per unit surface E cannot be 
expressed as a single power of the mean velocity v throughout the whole 
range of the experiments. As the original curve given by Stanton and 
Pannell suggests that E/pv> approaches a finite limit other than zero as 
vl/v increases indefinitely, curves of log (E/pt»*— a) as ordinates against 


* Stokes, ‘Camb. Phil. Soc. Trans.,’ voL », Pfc S, p. [1»] (1860) ; ‘Math, and Phys. 
Papers,’ vol. 3, p. 17. 

+ Helmholtz, ‘ fieri. Ber.,’ 1873, p. 601 ; ‘ Wise. Abh.,’ voL 1, p. 168. 
t fiayleigh, ‘Aeronautics Report,' 1911-1818, p. 97. , 
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log {vlj v) as abscisste were thou plotted with various values of a, and it was 
found that with a =: 0*0009 the curve became a straight line, the slope of 
which indicated that logio ft) plus 0*36 times logmivdjv) was a 
constant = —1*116, or that 

(K/pr*^-0()009)(>v//vr‘*« = 0*0765. 

Hence 0-0009 4-0•0765/^^YZ/;>y^'-'*^ 

or R pi^ [0-0765 + 0*0009], 

= p [0*0765 4- 0*0009 (1) 

Since this expression satisfies the principle of similarity which Stanton 
and Pamiell have shown holds for the mean speed of flow of air and 
water through pipes of diameters between 0*3 and 12 cm., the constants 
of the above equation hold ()ver the whole of this range at least, and 
probably this type of relation witliasmall change of the constants will apply 
over a much wider range. The viscosity of the fluid only enters into the 
expression through the term (i/) and has only a small influence on the 
result. Taking the temperature as 15"^ C. the values of p for water and air 
are 0*0114 and 0*137 respectively, and the values of 0*25, and 0*50 

respectively. 

Hence for water at 15^ C. 

11 r= 

and for air at 15'^ C. and 76 cm. pressure 

11 x= 0*0000468 4- 0*0000011 0 

In many technical oases it is not H, the resistance per unit area of surface 
exposed to the fluid, which is required, but the fall of pressure po— along a 
given length I of pipe due to it. 

Taking the length I of pipe to be short enough to allow changes of 
density of the fluid to be neglected we have 

li7rd/2 = 

or R = d{pii— 2 ^i)l 2 l, 

and for any fluid 

Po-Pi “ h (0*153 0*0018 

= {Ipvyd} {0*153 0*0018}. (2) 

In the cose of water at 16® C. this reduces to 

^px I (0*0382 4- 0*00 18 ; 

and in the case of air at 16® C. and 76 cm. pressure, 

i (00000936t4*«^/#‘^ 4- 0*00000220 

VOL. XCL— A. 
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In order to show how nearly the formula reproduces the observations of 
Stanton and Paunell their original diagram is reproduced in the accom- 
panying figure, with a line drawn on it to show the values deduced from the 
expression. It will he seen that the agreement is as close as could be expected. 

It will hQ noticed from the form of the final expression for the fall of 
pressure along the tube, that this fall will, for all velocities, be approximately 
proportional to a power of the velocity between the 1'65th and tlie 2nd, and 
that as the sjkwI or liiameter increases or the kinematical viscosity decreases the 
law of variation will approximate more and more closely to the second power. 
This result was obtained by Stanton and Pannell* in the case of the flow of 
water through a pipe of 1*26 cm. diameter. For mean speeds of 58, 258, 900 
and 2250 cm. per second the powers of the velocity were 1'72, 177, 1'82, and 
1*92 res))eciively. 

Gibsouf found the same result for the flow of brine of various strengths 
through smooth brass pipes of diameters from 075 to 1*5 inch. Thus for the 
smallest pi{>e for speeds between 2 and 10 feet per second the resistance was 
found to vary as the l-786th power of the mean velocity and for the largest 
pipe and the same speeds as the 1795th power. 

He was unable to detect any inttueuce of the kinematicjal viscosity on the 
value of the index, from water to the strongest brine he used, for which the 
density was 1*134 and tlm kinematical viscosity 1*28 times that of water. 

In order to arrive at some quantitative estimate of the agreement of these 
results and the formula given, it is necessary, since most observers ha\^e 
embodied their results in single power of the velocity formulie, to find in eaclj 
case the boat single power formula which will represent the complete formula 
over the limited range of any particular set of experiments. 

The accuracy of the representation will be sufficient for the present 
purpose if the single power expression mf has its constants c axid n so 
determined that its value and the value of its differential coefficient witli 
respect to v are identical, for a particular value of v given by the experi- 
ments, with the value given by the complete expression for the same 
value of r. 

Unit is 0*0018 

and = /p [0*2525 0*0036 r], 

or mr" == /p [0*2525 0*0036?;^]. 

Hence a 

== 2-*297/[85+(y.’r)?/j.f5»^-]. 

* Stanton and Pannell, ‘Phil, Trans,,* A, vol 2U, p. 211, 
f Gibson, ‘ Inst. Meoh. Engs. Proc.,* Feb., 1914. 
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Using this expression, we have for the best values of n at the points 
given by Stanton and Paimell the following Table : — 


Velocity, 
cm /sec. 

Calculated. 

1 ObierTed. 

1 (Stanton and PnnnoU.) 

58 ' 

1 *72 

. 1*72 

258 

1 *70 

! 1 .77 

9<X» 

1 1 *79 

1 *82 

2250 

' 1*82 

1 *92 


The agretjinent is as good as eouhl be expected, wlien we lemomber that 
the values are each calculated for a point of the resistance velocity curve, 
while th(i observed values 1 ‘epreseut means over considerable lengths of the 
curve. 

Taking Gil)son'H observations on smooth pipes of diameters 1*90 and 
8*81 cm., through jvhich water or brine passed, with a mean speed of 
180 OJn. per second, we have the following Table: — 


Mean Speed 180 cm, /sec. 


Diameter. 

Fluid. 

Density. 

Calculated. 

Observed by 
Oibson. 

cm. 




1 1 -786 i 

1*90 ' 

Wutor 

1 *0 

1-76* 


8 '81 i 



1 '773 

1 -796 ! 

1*90 1 

Brine 

1 *184 

I -748 

I -786 1 

8*81 j 

■ M i 

, 1 


] '760 

1 •796 ! 

i 


The agreement is satisfactory, and the values of the indices for water and 
for the strongest brine are sufiiciently alike to account for the difficulty in 
distinguishing them’ experimentally. 

Garuttiers* found for the flow of Texas fuel oil through rough pipes of 
diameters from 2 to 10 feet that the resistances varied as This 

expression lies outside the range of the present formula, but Caruthers does 
not attach much weight to the indices he adopts. 

6. So far as the effect of temperature on the difference of pressure is 
concerned, it is almost entirely confined in the case of liquids to the term 

♦^ruthers, ‘Boy. Soc. Proc.,' A, vol. 87, p. 154 (1912). 

E 2 
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in For water has the values 0 208, 0179, 0148 at 15°, 35°, and 
70° C. respectively, and the values of the first term of the expressiou for 
the fall of pressure will be in the same ratios. Since the ratio of the value 
of this term to that of the complete expression decreases as the diameter of 
the tube increases and as the speed increases, the effect of temperature on 
the resistance of the pipe will be smaller as the diameter increases and as 
the speed increases. In tlte case of a smooth brass pipe 3*81 cm. in 
diameter, through which water flowed, with speeds from 120 to 1000 cm. 
per second, Maiv* found tliat the mean relative resistances at 13*4°, 33*2°, 
and 71° C. were as 1 ; 0*87 : 0*74. According to the formula given above, 
they should be as 1:0*86:0*70 at the lower and as 1:0*,92:0*81 at the 
upper limit of speed. The agreement is as close as could bo exj)eoted 
without a more detailed examination of the distribution of Mair*s results 
about the mean he gives. 

It is evident from tlte formula that as the resistance approximates more 
closely to the law as tlie diameter of the pipe or the velocity of the fluid 
through it increases, the effect of changes of temperature on the first term 
Itecomes relatively less important. Thus Mair states that when the resistance 
varies as the l*8th power of the speed it decreases 0*6 per cent, per degree 
Centigrade and udien the resistance varies as the I’Otli power of the velocity 
it only decreases 0*25 per cent, per degree. 

It is thus evident that the proposed formula reproduces the experimental 
facts at present known much more closely than any previous expression has 
succeeded in doing. As it has been deduced froixi experiments on smooth 
pipes it is not strictly applicable to rough pi^iee, although measurements oa 
such pipes give results which appear to follow the same general laws as those 
for smooth pipes. Before greater precision in the laws of flow through such 
pipes can l>e attained it will he necessary to come to some understanding as 
to the specification and measurement of the degree of roughness of a surface, 

6, The conclusions arrived at may be summarised as follows : 

(1) The difference of pressure ji?/ in dynes per square centimetre between 
two sections distant I cm. from each other along a pipe of diameter era, 
through which a fluid whose density p may be considered constant over the 
length / and whose kinematical viscosity is v is flowing with mean velocity 
V cannot be represented by a single power of the velocity but requires for its 
expression a formula of the type 

{Ip^jd) {a+h{vlvdf), 

where a, 6, and n are constants, 

* Mair, ‘ Inst, Civil Eng«. Froc.,* vol. 84, p. 424 (1886), 
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(2) To the extent to which the Principle of Dynamical Similarity is applic- 
able to the flow of fluid in tubes, «, h and n should be absolute constants 
applicable to all fluids and all tubes. Stanton and Panneirs results show 
that over a wide range a = 0*0018, h =s 0*153 and w = 0*35. 

(3) As the velocity and diameter increase and as the kineniatical viscosity 
decreases the pressure difference varies more nearly as Ipi^jd. 

(4) Tlio effect of tcinjserature on the pressure difference decreases as the 
velocity and diameter increase and as the kinomatical viscosity decreases. 


The Silver Voltameter, Part III . — The Solvent Properties of 
Silver Nitrate Solutioiis, 

By T. Martin Lowry, F.R.S, 

(Kecoived June 18, — Read June 25, 1914.) 

[u an earlier paper by Mr. F. E. Smith^ and a second paper by the author 
in conjunction with Mr. F. E. Smith it was shown that the weight of silver 
deposited by a given current was influenced in a very important degree by 
impurities in the silver nitrate solutions. The most important impurities 
are those which are capable of exerting a reducing action ujwn the silver 
nitrate. But there is al^o a group of substances to be considered which 
are soluble in silver nitrate solutions, though almost insoluble in water : these 
are precipitated when the silver nitrate solutions are impoverished at the 
cathode by the passage of the current and cause an appreciable increase in 
the weight of the deposit. They may be removed by diluting the silver 
nitrate solutions, filtering off the precipitated impurities, evaporating the 
filtered solution and draining the crystals of silver nitrate which separate ; 
any impurities that may have escaped precipitation will be freely soluble in 
the concentrated mother-liquor from which the crystals have separated, and 
may be got rid of in the usual way by draining on the pump and rinsing 
cautiously with water. 

In view of the importance of these impurities in the experimental deter- 
mination of the electrochemical equivalent of silver, and the interest of the 

Pari I, “A Comparison of Various Forms of Silver Voltameters/’ by F. E. Smith, 
and “A Botermiixation of the Electro-chemical Equivalent of Silver,” by 
F. E. Smith, and T. Mather, F.E.S. (‘Phil, Trans./ A, vol, 207, pp. 545-581^ 

(1008)) ; Part II, “The Chemistry of the Silver Voltameter,” by F. E. Smith, A.R,C.Sc., 
and T. M, Lowry, IXBc. (‘ PhiL Trans./ A, vol 207, pp, 081-509 (1908)). 
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problem from the standpoint of the theory of solutions, it appeared to be 
desirable to pursue the matter further and to make quantitative measutemente 
of the solvent properties of silver nitrate solutions for soine typical substances 
which are insoluble, or nearly so, iu pure water. The present paper includes 
measurements of the solubility of silver chloride, bromide, iodide, and sulphide. 
The solubility of the iodide has already been investigated somewhat fully by 
Hellwig,* l)ut only a few incidental meeusurements have been made in the case 
of the other salts. 

A, Silver Chlokioe. 

(With F. Hawkes, J. R Potts, B.Sc., and E. G. Parker, B.Sc.) 

In determining the conditions that were most favourable for the precipita- 
tion of silver chloride and silver bromide, Stas foundf that the solubility of 
these compounds was diminished by the presence of an excess either of silver 
nitrate or of the soluble halogen salt. This is in accordance with the law of 
mass-action, according to which the action 

AgNOa-b KCl AgCl -b KNO 3 

should be driven towards completion (left to right) by the presence of an excess 
of either of the substaniM^s shown on the left-hand side of the equation. 

It has long been known, however, that the contrary effect takes place in 
more concentrated solutions. Thus Berthollet, in 1799, t discussing the 
problem* of removing small quantities of hydrochloric from nitric acid, writes 
as follows : — 

“ Muriate of silver being much less soluble tlian muriate of lead, silver is 
therefoi^ mucli better than lead for retaining t!ie muriatic ooid mixed with 
nitric acid ; yet Welter and Bon jour have observed that some inuriatio acid 
always passes by distillation, if the precautions indicated by those learned 
chemists were not attended to. To obtain nitric acid pure in a direct manner 
it is necessary that the acid to be distilled be diluted, so that it may not have 
strength sufficient to dissolve muriate of silver, and that the muriate of silver 
which is precipitated be separated before the liquid be submitted to tiie 
action of heat ; still better, the muriatic acid of nitrate of potash may be 
precipitated by a solution of silver ; and by decomposing afterwards the 
nitrate of potash, nitric acid will be obtained quite pure, and free from 
muriatic acid.” 

BerthollePs observation is again in agreement with tlie law of mass-aetioiii. 
But precisely similar effects are produced by conoentrafced solutions of 

* * ^SeitKcihr. Auoirg, Chsm.,' voL 25^ pp. 167-188 (1900). 

b * CEuvres/ vol. I, pp, 87-194. 

I * Chemical Affinity/ English translation* p, ITS. 
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hydiNQgeu chloride or of common salt (aee, for instanoe, Barlow*), both of 
which might l>e expected, by a simple application of the law of mass-action, 
to produce a diminution of solubility. The solvent properties of concentrated 
solutions of silver nitrate are lem widely known, bub the effects produced are 
quite as important as those wl»ich are observed in the case of hydrochloric acid 
and common salt. 

It is not the purpose of the present paper to discuss fully the origin of 
these remarkable solvent inlluences ; but it may l>e suggested that (in accord- 
ance with the general principle that “ like dissolves like '*) fused silver nitrate 
in probably an excellent solvent for silver chloride and that the behaviour of 
its concentrated aqueous solutions may be interpreted in much the same way 
as that of other mixed solvents. The case appears to resemble the use of a 
mixturo of alcohol and water to dissolve an organic compound such as camphor, 
the solubility of which in dilute aqueous alcohol is very small, but iucreases 
rapidly as the ooncenbration of the alcohol in the mixture is increased. 

SolnhUity of Silmr Oldoride in Silver Nitrak' {Gvavimdrw Method), 

The solubility of silver chloride in atjuoous silver nitrate was meaBured by 
two methods — 

{a) By gravimetric analysis at 20^ (I 

(h) By volumetric analysis over a range of temi:)eraliue, up to about 100° C. 

In the gravimetric analysis a considerable quantity of silver nitrate was 
dissolved in less than half its weight of water, and a precipitate was fomed 
by adding a known quantity of a standard salt solution. The mixture 
was stirreii in a large test-tube, supported in a thermostat heated to 20^ C. 
After a time, the precipitated silver chloride was allowed to settle, the bulk 
of the clear liquid was decanted and the precipitate was collected on a 
weighed Goooli crucible. After draining away as much as possible of the 
concentrated silver nitrate solution the silver chloride was washed, dried, and 
weigheti. 

The weight of the precipitate obtained in this way wae much leas than when 
the salt was precipitated from a dilute solution by a small excess of silver 
nitrate. A considerable proportion of silver chloride had therefore been 
retained by the silver nitrate, when present in great excess and in a 
concentrated solution. 

The whole of the silver solutions, including the earlier washings from the 
Gooch oruoibla, were then collected, made up to a known weight with water, 
warmed to ensure complete saturation with silver chloride, and again stirred 

^ * Amer. Ohem, Boc, Jouni./ vol. SS, p. 1446 (1606). 
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in the thcrmostf)t at 20® C. A further quantity of silver chloride was 
thus thrown down, and this was collected and weighed as before. This 
process was repeated until almost the whole of the silver chloride had l>eeu 
collected. 

In a preliminary series of experimentB 120 grm. of silver nitrate were 
mixed with 19’987 gnu. of a decinornml solution of sodium chloride in 
presence of quantities of water amounting altogether to 60 grm. in the first 
and 240 gnn.in the final measurement. Out of a total weight of 0*2868 grm. 
Ag(Jl, the quantities preci})itat€«l and retained were : — 


AgNOs. 

Water. 

AgCi 

precipitated. 

j AgCl retained. 

1 

1 

AgCl retained per 
ItX) grm. AgNCV 

gnn. 

grin. 

1 grill. 

= 

: gnn. 1 

grm. 

120 

00 

; 0 *1220 

0 um 

0*3890 

120 

90 

0 *0070 

0 *0978 

0 ‘0815 

120 

! 320 

1 0 -0266 

0 -0720 

0 -0602 

120 

240 

0 0400 

0 -0254 1 

1 

1 0*0212 1 

! 1 


These measurements showed the general nature of the effects which 
might be expected, and indicated the eonditioas that were necessary for 
successful working. The second and final series of measurement-s was made 
with 220 grm. of silver nitrate and 30*0558 grm. of N/10 salt solution, which 
should have given 0*4314 grm. AgCl. The silver chloride precipitated and 
retained was as follows : — 


Table 1. — Solubility of Silver Chloride in Silver Nitrate at 20® C. 


AgNOa. 

Water. 

AgCl 

prcci|iifcated, 

AgCl retained. 

AgCl retained per 
100 grms. AgNOj). 

grm. 

grm. 

grtii. 

grm. 

grm. 

220 

i no 1 

0 *1290 

0 *8018 

0 *1872 

220 

166 

0 -0800 

0 *2218 

0 *1009 

220 

i 220 

0 '0030 

1 0 *1688 

0*0722 

220 

830 

0 *0704 

0*0884 

0*0402 

220 ' 

440 

0 0238 1 

1 0 *0046 

0 *0294 


It will be seen that the quantities of silver chloride retained per 100 grm. 
of silver nitrate in presence of 60 grm. of water agree closely in the two 
series of experiments, namely, 01390 and 0*1372 grm. The quantities 
retained after dilution are too small in the preliminary series, because local 
precipitation h«ul taken place on dilution, and the necessity of warming the 
solutions to secure complet« saturation had not been discovered. 
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The rapid diminution oP solubility by dilution with water is shown in 
flg. 1. 



Fio. 1. — Infttiewie of Dilution on the Solubility of Silver Ohhn'ide in Silver Niti-atfj 

Solution*. 


SoluMlUy of Silver Chloride m Silva' Nitrate ( Vokimdric MeCmiy 
The volumetric method of measurement has the advantage of providing 
data for a wide range of temperatures almost up to the boiling jwint of the 
solutions; it can also be carried out with much smaller quantities (o to 
10 grm,) of silver nitrate. 

The silver nitrate was weighed into a test-tube provided with a thervno- 
met^ and a small stirrer passing through a rubber stopper. A known 
quantity of water, containing a suitable amount of salt in solution, was 
added under such conditions that a clear solution wae obtained. The test- 
tube containing the hot solution was then placed in a beaker of hot water 
and allowed to cool slowly, with constant stirring, until it became opalescent 
by the separation of silver chloride. It was found that this effect could be 
detected far more readily when the test-tube was surrounded by clear water 
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for comparison than when it was cooled in air, and that ttirring was essential 
to prevent supersaturation. Tlio tempemture of saturation could be fixed 
within about a degree. By varying the proportions of water, silver nitrate, 
and salt, complete temperature-solubility curves could be plotted for any 
given ratio of silver nitrate to water. 

The following data wore obtained : — ' 


Table II. — Solubility of Silvcsr Chloride in Silver Nitrate at Difi'erent 

Temperatures. 


AgNO,. 

NuClN/lO. 

TtfinperAture. 

AttCl retatned 
per 100 grm. AgNOg. ! 

i 


((t) AgNO, 

: Water =“2:1. 

1 

grin. 

c.c. 

^C. 

grm. 

0*0 

2 *0 

67 

0 -478 

7 0 

2 0 

45 

0*410 

' H’O 

2*0 

40 

0 *369 

9*0 

2-0 

85 

0*819 

11 '0 

2*0 

30 

0 -261 

7*0 

1*0 

20 

0*205 

10 V 

1 *0 

22 

0 *143 

10 *0 

4*0 

65 

0-67a 

10 *0 

6*0 

88 

0*7.15 


(i) AgNOa 

; Water « 1 : 1. 


5 *0 ; 

1 *0 

1 1 

0 *280 

6*0 I 

1 ‘0 

H4 

0*239 

! 7*0 ! 

1*0 

76 , 

0 *205 

1 H -0 

! 1 ‘0 

00 

1 0 *179 

; 9 *0 i 

j 1 0 

58 

0 *159 

5 '5 

i 0*5 

48 

O'lfK) 

0 -5 

0*5 

40 

0*1K) 

13 *0 

0*6 

23 

j 0*060 


(r!) AgNOs : Water « 1 : 2. 


0 ‘0 

0*5 

104 

0*120 

; 7*0 

0*6 

92 

0 *103 

8*0 

0*6 

85 

0 *090 

10 -0 

0*6 

78 

0*072 

j 12*0 

0*6 

61 

0*060 

1 8*0 

0*26 

46 

0*046 

j 12*0 

0*26 

28 

0*080 


In Table II the volume of salt solution added to a given weight of ailver 
nitrate is shown for each experiment ; the volume of water used to dissolve 
the nitrate is not shown, as it is merely the difierenoe between the volume of 
salt solution and the total volume of water required to make up the solution 
to the desired ratio AgNOji ; water = 2 ; 1 or 1 : 1 or 1 ; 2. Thus, in the first 
experiment shown in the table, the proportioiw are— 

AgNOs ; Water : Salt eolution. 
w 6 grm. : 1 o,c. : 2 «.o. 
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0*C 20 40 60 ao IOO*C 

Fig. 2.-- lufluouce of Teiojieratui'e on tlio Solubility of Silver Chloride in Silver Nitrate 

Solutione. 

The dote ropreHent gravimetric experimeiita at 20” O. 

These obaervatiotis are plotted out in fig. 2. It will be swn that the solvent 
power of the strongest solution (AgNOs: water = 2 : 1) increases as the 
temperature rises, until at 86° no permanent precipitate is produced by 
adding silver nitrate (10 grm.) to deoinormal salt solution (5 c.c.); the 
liquid may indeed be regarded as a decinormal solution of silver chloride, so 
far as the chloride and water are concerned. Silver nitrate is, therefore, a 
more effective solvent at high than at low temperatures. 

In the weakest of the three solutions (AgNO# : water =1:2), change of 
temperature produces a similar effect since the solubility increases with rising 
temperature, but it does so at an increasing rate. 

It might be expected that, at some intermediate oonoeutration, an infleoted 
curve weuld be obtained which would be couoave in one range of temperatures 
and convex in another. This expectation is verified in the ease of solutions 
in which the ratios are AgNQa : water = 1:1. The observations from 20° 
to 70° plot out to a straight line which no doubt includes the point of 
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inflection; above 70° the curve rises like that for the weaker solution, 
below 20° it would probably show the curvature which is characteristic of 
the stronger solutions. 

The volumetric readings are obtained with increasing difficulty as the 
tem]:)eratnre falls, but a comparison with the gravimetric readings, represented 
by black dots in fig. 2, shows that even at 20° there is no large difference 
between the two series. 

SolvMlity of Silver Gljforide i)i Gommon BalL 

The solubility of silver chloride in solutions of sodium chloride was 
determined gravimetrically at 15® C., by adding to a series of salt solutions 
(containing 28, 20, and 15 grin. NaOl per 100 grm. of solution) sufficient 
concentrated silver nitrate solution to produce rather more silver cliloride 
than would remain dissolved. After warming and shaking, the solutions 
were left to stand during 24 hours at 15® C. A known weight of tlie 
clear solution was then diluted witl) water to 20 times its volume ; the 
silver cliloride which was precipitated was filtered off on a Gooch crucible, 
washed, dried, and weighed. 

Volumetric determinations were also made of the solubility of silver 
chloride in 28, 20, and 15 per cent, salt solutions at temperatures up to 
the boiling points of the solutions. Decinormal silver nitrate solution was 
added from a burette to 20 c.c. of the salt solution ; after every addition 
of silver nitrate the concentration of the salt was restored to its original 
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Table IIL — Solubility of Silver Chloride iu Solutions of Sodium Chloride. 


Gravimetric Measurements, 15" C. 


Streugtli of Malt solution. 

V\'eight of solution. 

AgCl retained. 

AgCl retained 
per 100 grm. NaOl. 


grm. 

grm. 

grm. 

^15 i>cr cent. KaOl 

3i ’674 

0 *0030 

0*068 

20 „ 

• 37 *997 

0 *0104 

0*184 , 

1^8 

>} 

39 117 

0 0305 

0*879 


Volumetric Measurerneut^. 


I 


NttOl. 

JV/IO AgNOa. 

Opalescent at 

AgCl retained 
per 100 grm. NaOl. 



c.o. 

O. 

grm. 


80 grm. of 

16‘ per 'Cent. 

0 *25 

28 *0 

0*119 


solution 

0 *4 

40*0 

0*191 




0-7 

‘0 

0 *385 




1 *0 

78 0 

0*478 




1 *2.^ 

89-0 

0*698 




1 *7 

102*5 

()*812 


80 grm. of 

20-per-oent. 

0 *48 

17*0 

0*166 


solution 

0 -OS 

20 *0 

0 *284 




0*82 

87*0 

0 *296 

1 



j 1*2 

61*6 

0*430 




1 *6 

67 ‘0 

0 *624 

i 



212 

79 *6 

0-766 

1 



2 *52 

88 ‘5 

0 *910 




a *OH 

97 *0 

1 *10 




! 3 *52 

106 *0 

1 *27 


80 grm, of 
solution 

28‘per-c*ent. j 

2 ‘25 

36 -6 

0 *676 


1 2 *75 

16 *0 

0*704 




8 *5 ! 

66 *0 

0 *890 




4 ‘6 

69 *0 

1 *168 




j 6*6 

84 *0 

1*411 




I 6 *5 

94 *0 

1 *604 



i 

! 7 *76 1 



107 *6 

1*986 



• Grammes per 100 grtn. of solution. 


value by evaporating the solution until the meniscus reached a fixed mark 
on the wall of the test-tube. The solution was then allowed to cool slowly, 
with vigorous stirring, until it became opalesoent. 

The results of the 'gravimetric and volumetric measurements are given in 
Table 1I1> It will be seen that the concentration of the silver chloride 
may be as great as 2 grm. per 100 grm. of salt, and that, in spite of 
its enmller solubility, common salt is a better solvent for silver chloride 
than is silver nitrate. 

FigrS shows that the data obtamed by the two methods of measurement 
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are in satisfactory agreement. Three points calculated from data given by 
Barlow, and represented by black dots in the figure, are seen to lie upoti a 
curve of precisely similar form. 

Solubility of Silver Cfthn^ids in Hydrochloric AM. 

Hydrochloric acid of constant boiling point (20*24 per cent. HOI) was used, 
in order that loss by evaporation should not alter the strength of the acid. 
To 20 gnn. of this acid silver nitrate solution was added gradually. For 
every cubic centimetre of solution added, 1*54 grm. (or 1*315 c.c.) of 33 per 
cent. HCl was also added, and tbe volume was then brotight back to its 
original value by evaporating. The concentration of the acid was thus 
maintained at 20 per cent, by weight. 


Table IV. — Solubility of Silver Chloride in 20-pev-oent. H 3 'drochlorio Acid. 


HCl. 

N/IO AgNOa, 

Opalesce ui at 

AgCl to 100 gm. j 

anhydrous HOI. 


o.c. 

‘■'C. 

gnu. 

20 |rm. of 20'}>er.r?ent. 

1 *0 

— 


acid 

1 *1 

O'O 

0*39 


2*0 

29 *6 

0*72 


8-0 

61 *6 

1*070 


B-76 

70 ‘0 

1*840 


4*26 

82 *0 

1*626 


4*75 

90 -0 

1*74 


6-80 

i07 *0 

2*08 


It will bo seen that the maximum amount of silver chloride dissolved is 
practically the same for hydrogen chloride and for sodium chloride, namely, 
2 grm. AgCl per 100 grin. HCl or NaCl; the temperature of saturation Was 
approximately 107® in each cose ; the concentrations were 20 per cent. HCl 
(saturated with gas at the boiling point), 28 per cent. NaCl (saturated with 
solid), 

B. SmvKR Bkomidk, Iodidk, and SuLriiiPK. 

(With E. G. Parker, B.Sc.) 

In tlie case of the bromide, iodide, and sulphide, the measurements of 
solubility are complicated by the formation of double salts. Thus the 
addition of potassium iodide to aqueous silver nitrate may result in the 
precipitation of 

(I) Silver iodide, Agl. 

(II) The double salt, Agl, AgNO». 

(HI) The double salt, AgI,2AgNOs- 
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So also by the action of sulphuretted hydrogen on aqueous silver nitrate 
there may be produced 

(I) Silver sulphide, AgaS. 

(II) Tlie double salt, AgaS.AgNOa. 

The existence of double salts of silver iodide and silver nitrate was 
referred to as long ago as lr839 by Preuas.* Sobnaussf and KremerJ: 
prepared and analysed the salt AgI,AgNOs. Welt2ien§ and liiasell 
prepared and analysed the double salt AgI,2AgJ^03. Both salts were 
prepared and analysed a few years later by Stiirenberg.lf Kremer*^ and 
Eisse {loe. nt.) also prepared and analysed a bromide-nitrate of the formula 
AgBrjAgNOg. Eisse attempted further to prepai'e a chloride-nitrate, but 
only succeeded in obtaining a product having the composition AgChlSAgNOa, 
which he hesitated to regard as a detiuite compound. 

The yellow sulphide-nitrate, Ag2S,AgN03, which is formed when 
sulphuretted hydrogen is added to concentrated solutions of silver nitrate, 
was prepared and analysed by Poleck and Thiimmol.tt Gutzeitjj: had put 
forward as a test for arsenic the formation of a yellow stain by the action of 
arseniuretted hydrogen on a filter-paper moistened with a concentrated 
solution of silver nitrate ; this yellow stain became black on the addition of 
water. Poleek and ThUmmel showed that identical phenomena are observed 
with SHa, PHjj, AsHa, and SbH». The compounds formed by the action of 
phosphoretted, arseniuretted, and autimoniiirotted hydrogen liave the 
formula) 

Ag3P,3AgN'0«, 

Ag3A8,3AgN08, 

Ag3Sb,3AgN03, 

and ai^e rapidly decomposed by water acjcording to equations such as 
Ag8A8,3AgN03-h3H20 == H3As08-h3HN08 4-6Ag.§§ 

The sulphide-nitrate, AgaSjAgNOs, is much more stable, but decomposes 
directly into silver sulphide aud silver nitrate when boiled wiili water. 

♦ ‘ Atm. d* Pharm.; vol. 29, p. 329 (1839). 

t * Archiv d, Fhana,/ 2, vol, 82, p. 200 (1865). 

X * JCurn. fUr Prak,t. Chcm.,* vol. 71, p. 54 (1857). 

g ‘ Ann, Chern, Pharm,,^ vol. 95, p. 227 (1856). 

H ‘ Ann. Choin. Pharm.,’ voL 111, p. 41 (1859). 

1* ‘Arch. d. Pharm., ‘ 2, voL 143, pp. 12-19 (1870). 

^ ‘P<9gg. Ann.,’ vol 92, p. 49 (1854). 

ft ‘Bor.,’ vol. Id, p. 2435 <1883X 
. Xt ‘Ptaw'm, Wt.; 1879, p. 263. 

jff Oomparc Vitali, ‘ L'Droai,’ l^,pp. 397-411 ; ‘Oheia Soc. Abstr,,’ vol 2, p. 206 (1893). 
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Solnbilitu of Silecr Bromide in Silver Nitrate Solviiom, 

Volumetric measumments were made for a series of different concentra- 
tions, usin^ the sanie method as in the case of silver chloride in a^iueous 
salt solutions. Possibly on account of complications due to the formation of 
a bromide-nitrate, the volumetric and gravimetric measurements agreed less 

-jf 

closely than in the case of the chloride. Only two of the six series of 
inttasurenientH are reproduced, therefore, in Table V and hi tig. 4. 



O'C 20 40 60 SO lOO'C 

Fig. 4. — Solubility of Silver Bromide in Silver Nitrate Solutions. 

Gravimetric meaBurameutB were made of the solubility at 44‘5® C. of 
silver hroiuide in silver nitrate solutions aontainihg 44, 52, 60, and 65 per cent. 
AgNO;i. In each case a clear solution, saturated with AgBr, was precipitated 
by dilution, and the silver bromide thrown down was collected and weighed. 
In one case a duplicate nioasurement was made by adding a known volume 
of N/10 KBr solution to a known weight of silver nitrate and weighing the 
silver bromide which remained undiesolved. The two measurements showed 
a satisfactory agieement. 

Table V shows that the solubility of silver bromide in silver nitrate 
solutions is much greater than that of silver chloride — on the average about 
three 'or four times as great. This is contrary to two isolated observations 
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by Hellwig * who foimd that 100 c.c. 3N AgKO® (141*4 gnu. of 36*l-per-cont. 
solution) dissolved 0*04 grm. of AgBr but 0‘08 grm, of AgCl at 25‘2^ C. ; our 
data, which formed part of a continuous series of observations, and are based 
both on volumetric and on gravimetric measurements, would give about 
0*066 and 0*016 grm. respectively ; it appears probable, therefore, that 
Hellwig has greatly over estimated the solubility of silver chloride in 
solutions of i^lver nitrate; on the other hand, his values for the solubility of 
silver bromide are of the same order of magnitude as ours. 


Table V. — Solubility of Silver Bromide in Silver Nitrate Solutions. 


Silver mfcrate. 


(«) Volumetric Measurements. 


KBr N/IO. 


Opalescent. 


AgBr retiiiuod per 
100 grm. AgNOg. 


10 grm. made up to 82 grm. J 
per 100 grm. of solution ! 


10 grm, made up to 70 grm. ^ 
per 100 grm. of solution 



c.o. 

0*66 

0-72 

0‘8 

0 9 
10 
1*1 

1 '2 
6-0 
8 0 

10 ’0 
11 *25 
12*0 
12*76 
18 *6 
16 *6 
17 *6 


22 

85 

44 

62 

67 

77 

79 

87 

63 

67 

72 

74 

79 

82 

85*5 

90 


grm. 

o-m 

0*144 

0*159 

0*178 

0 - 1.88 

0 *207 
LI ■226 

1 *18 
1 ’60 
1 -88 
2 12 
2 •26 
2*40 
2*54 
2*92 
8-29 


(6) Gravimetric Measurements at 14'5'' C. 


AgNOa. 



Water. 

Strength of 
AgNO,. 

AgBr retained. 

grni. 

0 . 0 . 

por cent. 

! 

7*826 

9*32 j 

44 ; 

! 0 *0106 

8*29 

7*66 

52 

0*0168 

7*266 

4*84 

60 

0 ‘0206 

7*86 

8*95 

66 

0 *0208 


• By second method. 


4gfir retained per 
UK) grm. AgN(ij(. 


grm, 

0-144 
0 185 

0 *283 (0 • 290 ») 
0 *366 


SoluMlUy of Silver Iodide in SUver Nitrate SoluiioiiH. 

Silver iodide dissolves in silver nitrate solutions even more tmdily than 
the bromide; but as tlie liquid may be saturated with three different solids, 
♦ ‘Zeitsqfar. Anorg. Chem./ vol. 86, pp. 170-177 (1000). 

rou xot— A F 
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namely Agl* AgI>AgNOa, and AgI, 2 AgN 03 , uo attempt was mada to 
determine systematically the point of saturation under different experi- 
mental conditions. A complete scries of solubility measurements has, 
however, been given by Hellwig* for a temperature of 26*2°. 

liy warming together at 60-70® C., 2 gnn. silver nitrate, 2 c.c. water, and 
4 c,c. N/10 KI solut)ion, a clear solution ean be obtained. When heated to 
100® it gave a yellow precipitate of pure silver iodide, which dissolved 
agaiu when the liquid was allowed to cool slowly, with constant shaking, to 
60-65° 0. Evidently, therefore, the silver iodide, which separates from a 
2r)-per-cent. solution of silver nitrate at temperatures near the boiling point, 
is less soluble at 100° than at 70° C. 

On allowing this solution to cool further it became cloudy at 50° C., and at 
35® deposited white needles of the iodide-nitrate, AgljAgNOg. These needles 
wore at once converted into the yellow iodide by contact with water and were 
also de*comi) 08 od by alcohol. By draining and pressing on porous earthen- 
ware, a pure white powder was obtained, which lost only 0*1 per cent, when 
dried at 100° during 30 minutes, and therefore contained very little mother- 
liquor. When boiled with water during several hours, 0*0847 grm. gavo 
0*0506 grm. Agl and 0*0340 grm. AgNOa, whence Agl : AgNOs =s 1*07 : 1, 
agreeing satisfactorily with the fonnula AgLAgNOs. 

When this material was allowed to stand in contact with the mother-liquor 
for 12 hours at atmospheric temperature, the white needles changed com- 
pletely into compact crystals of the iodide-nitrate, AgI,2AgNOa* These were 
dried between filter-papers and then in a steam oven.* After boiling with 
water during 5 hours, 0*1647 grin, gavo 0*0679 grm. Agl and 0*0968 grm. 
AgNOa, whence Agl : AgNOg = 1 : 1*97, agreeing closely with the formula 
AgI,2AgN03. 

The observations recorded above show that the solubility of silver iodide 
in 25-per-cont, aqueous silver nitrate reaches a maximum at about 60°, and 
that at the point of maximum solubility the quantity dissolved even in this 
weak solution amounts to about 6 gnn. Agl per 100 grin. AgNOs. The 
iodide is thus about 30 times more soluble than the bromide and about 
100 times more soluble fclian the chloride, 

t^ohihility of Silver Sulphide in Silver Nitrate Solutiom^ 

Tim first effect of adding sulphuretted hydre^en (or-a 8<)Iuble sulphide) to 
an aqueous solution of silver nitrate is probably in every case to precipitate 
tlie black sulphide Ag^S. But, if the silver nitrate solution is at all oonoen- 
trated, tliis soon changes over into the yellow sulphide-nitrate of the formula 

* p, 173, 
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AgaSjAgNOs. The time required for the change from black to yellow to take 
place was found to be as follows : — 


Table VI,— Conversion of Black to Yellow Silver Sulphide, 


AgNO,. 

Water. 

Change to yellow ui 

grm. 

o.c. 


1 

1 

Less tlian 6 neeoncU. 

1 

1 -5 

6 second s. 

1 

2 

4it to 6 miuutoe. 

1 

3 

ij to 2 huiLr«. 

1 

4 

12 hours. 

I 

6 

6 days. 

1 

6 

Several weeks . 

1 

7 

Several months. . 

1 

8 

Koniaincd bhw*k. 

1 

9 

1 

10 

»> H 




. , _ 


These numbers, which are plotted out in fig. 5, indicate that the black 
sulphide would prolmbly be permanent in contact witli solutions containing 
10 per cent. AgNOa or less. 

There is evidently a limiting concentration of silver nitrate above which 
the yellow sulphide-nitrate would be stable, whilst below it the black 



Pto. 5. — CoMveiuion of Black to Yellow Silver Sulphide, 
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Bulpliide would bo stable. In order to determine the limititig eonoentration 
more accurately, attempts were made to measure the velocity of the converse 
change from yellow to black at different concentrations: these were not 
successful, as the change is both slow and indefinite. It was found, however, 
that in contact with 1-per-ceut. AgNOa tlio yellow double salt b^me black 
in the course of 12 hours. 

The yellow salt was prepared by adding to 10 grm. of dry silver nitrate a 
solution of 1*5 grm. NaaS in 5 c.c. of water. The yellow precipitate was 
drained on a small Buchner funnel and washed with alcohol until no silver 
could be detected in the washings. It was then rinsed with ether and 
allowed to dry in the dark. Qualitative analysis showed that the substance 
contained only silver, sulphide, aud nitrate. Gravimetric estimation of the 
silver gave 

Ag = 77'05, 77*02 per cent. Agj*S,AgN08 requires 77*49 per cent. 

When boiled with water 0*2054 grm. gave a residue of silver sulphide 
weighing 0*1215 grm. (calc. 0*1218) and containing 87*2 per cent, Ag 
(calc. 87T5 per cent.); the extract contained 0*0835 AglSTOs (calc. 0*0836); 
the ratio AgNOa : AgaS = 1*002 : 1 agrees closely with the formula 
Agi|S,AgN 03 . 

As the sulphide-nitrate is the stable form at all concentrations above 
10 per cent., all the solubility measurements are for solutions saturated with 
this form of the sulphide, although the data are worked out for the simple 
sulphide AgaS. Some 2 :>reliminary experiments were made with sulphuretted 
hydrogen, purified by dissolving in milk of magnesia and decomposing the 
resulting sulphide solution by boiling. The purified gas was dissolved in 
boiled water and estimated (1) by i>recii)itating as Ag^S and as CdS, and 
(2) by titration with iodine ; but it escaped so quickly from the solution that 
it could not be used conveniently for the solubility measurements. Instead, 
Kahlbaum’s purest crystalline sodium sulphide was used, in freshly prepai*ed 
solutions which wore standardised by titration with iodine 

Na,S-f I, 2NaI + S. 

The solubility of silver sulphide in silver nitote solutions was determined 

(a) Gravimetrioally at 16^, 

(h) Volumetrioally at 100®. 

The volumetric method could not be used in the same way as in the case of 
the chloride and bromide, because the solubility of the sulphide is almost 
independent of the temperature ; nor could the method used at 100® be used 
at atmosplieric teinperature, since silver sulphide when once precipitated is 
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very difficult to diasolve again, especially at temperatures below the boiling- 
point. 

The gravimetric measurements were made by adding 50 c.c. 0*948 x N/6 
sodium sulphide to 100 grra. of silver nitrate (AgNOa : water = 2:1) 
warming and stirring thoroughly, then leaving 24 hours to settle at the 
atmospheric teinperaturo. The imdissolved silver stilphide was filtered of!‘ 
drained, washed with alcohol and ether, and weighed as Ag 2 S,^AgN 03 . This 
process was repeated after atlding successive quantities of 50 c.c. of water to 
the solution until all the sulphide had been precipitated. The solubilities are 
much less even than in the case of the chloride, and are therefore subject to 
larger percentage errors. A further souiw of error is introduced by the 
difficulty of weighing the double salt, wliich decomposes if washed with water ; 
thus the actual weight of the double salt collected was 2*040 gnn., the 
calculated quantity being 1*985 grm. The data are set out in Table VIL 


Table VII. — Solubility of Silver Sulphide in Silver Nitrate Solution 

at 15° 0. 


AgNO,. 

VP'ttter. 

1 

Ag3S,AgNO, j 
precipitalio. I 

1 

rotainetl* per 
100 grm. AgNOj, 

Strength of 

AgSO.. 

grm. 

c.c. 

grm. 

grm. 

per cent. 

100 

GOf 

1*924 

0 *0696 

66*7 

1.00 

KX) 

0 0789 

0 *0227 

50 *0 

100 

150 

0 *0220 

0 *0097 

40 *0 

100 

200 

0 *0163 

trace 

88 *3 

100 

; 250 

trace 

0 0 

28 *6 


♦ Otticulatod from tlie total weight of eulphide- nitrate precipitate on dilution, 
t Containing of concentration 0 *948 N/6 or M/10. 


Volumetric measurements were made at 100° C. by two methods. In the 
first a solution of sodium sulphide was added to 10 grm. of silver nitrate, mixed 
with a variable quantity of water, with constant shaking in a closed test-tube, 
until a faint permanent precipitate wets formed. In the second method a 
definite quantity of sodium sulphide was added to a solution of silver nitrate 
under such conditions that a clear solution was produced ; water was then 
added gradually until a faint permanent precipitate was formed. The second 
method gives better results than the first; the results obtained by both 
methods are collected in Table VIII, 

It will be seen at once that even at 100° C. the quantities of silver sulphide 
retained are very small ; at the high concentration AgNOa : water =2:1 the 
quantity of silver sulphide is only about 0*1 per cent, of the weight of silver 
nitrate in the solution. The order of magnitude is the same at 100° C. as 
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Table VIII. — Solubility of Silver Sulphide in Silver Nitrate Solutions 

at 100° a 


AgNO,. 

NaaS. 

Water. 

AgjB retained 
per 100 grm. AgNO$. 

Strength of 
AgKOa. 


{a) First Method. 


gm. 

c.c. 

c.c. 

gnu. 

per cent. 

10 

1 vl N 

0*0 

1*88 

90*2 

10 

14 N/2 

0*0 

0-87 

87-7 

30 

2 -16 N/5 

0*0 

0*62 

82*2 

10 

2-6 1 -047 N/10 

0 ‘0 

0 *348 

79-4 

10 

2 *1 „ 

1*0 

0 *281 

76 *8 

10 

I’l 

2*6 

0 147 

78*5 1 

10 , 

0‘45 

6*0 

0*060 

64*7 


(/>) Second Method. 


10 1 

2*0 0-98N/10 

1*6 

0*248 

74*0 1 

10 

1 -6 

2 6 

0*180 

70 *9 

10 

1 *0 

4*16 

0*120 

66*0 

10 ! 

0 *6 

6*16 

0*060 

60*1 

10 

0*2 

8*6 

0*024 

68*5 

10 i 

0*1 

11 *6 

0O12 

46*6 

10 

0 *06 

14 *5 

0*006 

40*8 



Fio. 0.— Solubility of Silver Sulphide in Silver Nitrate Solutions 
Gravimetric meaeurewonte at 15* are indicated by arrowii ; the ether pointe indioate 
volumetj-ic measurements made at 100* by two methods. 
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at 16® C* for similar concentrations, but by using concentrations up to 
AgJTOs : water = 9:1 the solubility of the sulphide in the hot solutions was 
increased to 1*36 per cent, of the weight of silver nitrate. These concentrated 
solutions are a clear yellow, resembling aqueous solutions of potassium 
chromate. 

The data now given can only be regarded as approximate, but the general 
influence of the concentration of the silver nitrate on the solubility of silver 
sulphide is shown clearly in fig. 6, in which all the data are set out together, 
and are seen to be very near to a smooth curve whether they refer to a 
temperature of 15^ or 100° C. 


Fog Signals. — Amas of Silence and Greatest Range of Smmd. 

By A. Mallock, IMi.S. 

(Received Juno 19, — Read Juno 25, 1914.) 

The experience of Trinity House in regard to the audibility of sound 
signals has brought to notice the fact tliat on occasions the sound may he 
heard near the source and again at a considerable distance, while inaudible 
between these positions. 

This was first observed, or at least prominently brought forward, by 
Prof. Tyndall. The statement was regarded with some scepticism by 
scientific men at the time, but the explanation of the effect of wind on sound 
given by Prof. G. Stokes* will, with a little amplification, suffice also for the 
silent areas. Stokes in this explanation (which was repeated by Henryf and 
by Osborne ReynoldsJ) points out that the speed of the wind, in consequence 
of the surface friction of the ground, increases with the height, and that 
since the velocity of sound is constant not with reference to the ground, but 
to the air through which the sound travels, the front of a plane wave vertical 
at some given instant will subsequently lean backwards if travelling against 
the wind, and forwards if with the wind. Or, in other words, the sound 
tends to leave the ground in the first case and to cling to it in the second. 

If one may use such a word as a " ray ” in connection with sound, the ray 
to windward is deflieoted upwards, and the ray to leeward, downwards. The 

* Stress, 'Beit Assoc./ Dublin, 1857. 

t Henry, "Bessarches in * Annual Report of the U.H.A. Lighthouse Bofti*d/ 

im 

% Osborne B0yitoJd% ^ Boy. Boc. Froo,’ April 25, 1874 
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actual velocity of the wind has only a small effect in either case (of the order 
of the ratio of the speed of the wind to that of sound), the operative cause 
being the velocity gradient. 

In the case of regions of silence, on both sides of which the same sound 
can be heard, all that bus to be accounted for is how a sound ray can form, 
as it were, an arch over the silent I’egion. 

This can evidently happen if tlie velocity gradients in the wind change 
sign at appropriate levels, and it is a very simple calculation (given later) to 
determine what gradients are required in order tlmt a ray {i.e. the normal to 
the wave-front) shall follow a harmonic curve of given amplitude and wave- 
length.* 

The fact that areas of silence are (though not actually z'are) not common, 
points to somewhat exceptional conditions being required for their develop- 
ment. The presence of revei-sed wind-gradients at comparatively low levels 
also occurs, it may be said (there is not much detailed information on the 
subject), with the same order of frequency, and if the two phenomena were 
found to be always or generally present together, tlao suggested explanation 
would receive some confirmationf ) ; but, as is well known, variation of 
wind velocity is not the only cause of deviation in a sound ray : anything 
which causes variation of velocity in different parts of the wave-front will 
have a like effect 

The velofdty of sound is proportional, among other things, to the 
root of the absolute temperature, and in fact a temjHjrature change of 1^ C, 
conM?8pouda to nearly 2 feet per second change of velocity. 

As a rule, th(i temperature of the atmosphere falls as the altitude increases, 
so that, as a rule also, all sound rays which start horizontally from a source 
near the ground are deflected upwards, whatever may be their azimuthal 
direction, and it is probably owing to this that, even on calm days, intense 
sounds are audible at sea to such very moderate distances. 

Jjord Rayleigh has pointed out (taking into account the energy which is 
known to be put into sound waves emitted by some of the coast fog signals, 
and the smallness of the wave amplitude which is known to be audible) that 
were it not for some extraneous cause such signals would be heard at 
distances exceeding 1800 miles, instead of the 10 or 12 which experience 
shows to he the usual limit. 

^ iSinw thi« f*aper was wWttcri I find that Lord Rayleigh, in the second edition of ‘ The 
Theory of Semnd' (which 1 bad not fleen), has given (voL 2, p. 1^4) the differential 
equation of the path of a sound ray when the wind velocity is contiunoualy variablo.-— 
Oct. 19, 1914. 

t There would be no gretit difficulty in observing this by the aid of pilot balloons. 
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At certain times, however, reversals of the temperature grewiient are to be 
met with, especially in the evening, when the air next the ground is cooled 
by radiation, and thus forms a pond of cold air under a warmer layer. In 
such cases the effect on sound in all azimuths is of the same kind as that 
observed to leeward of a source when the wind velocity increases with the 
height. This has been given as a probable explanation of the increased 
audibility c>f sounds at night. 

To consider these points quantitatively, suppose that it is required to find 
the distribution of wind velocity at various elevations which will cause a ray 
of sound to follow a simple harmonic curve of assigned wave-length and 
amplitude. The wind is assumed to be horizontal and constant at each 
altitude, but to vary with the altitude. Since the ray is to follow a curved 
path, the wave-front must contain the radius of curvature, and, in fact, the 
wave-front may be considered as if it were a fiat plate attached to the radius 
of curvature. 

Consider a ray which starts horizontally at ground level, and let its 
assigned path be y = /t(l— cos^') {x horizontal, y vertical), where h is the 
assigned amplitude and p = 27r/X. If a and v are the velocities of sound and 
of the wind respectively, the velocity of the wave-front is a±v, and the 
velocity gradient dvjdy = a/E. For a harmonic curve where the amplitude 
is small compared to the wave-length, K = Hence 

dvjdy ss ap^{h-^y). 

Put (/i— y) = If] and let it be a condition that the wind velocity is zero at 
ground level (y = 0). Then the velocity gradient is 

afr^, ( 1 ) 

= ( 2 ) 


Diagram 1 shows these results graphically for a harmonic curve for which 
X rr 5 miles and h 01 mile. 



VOI*. XOt~A* G 
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The wind velocity is a maximum at h, and there reaches 8*05 feet per 
second. Above this it dies out again to a calm at 2A, The velocity 
differences are the ordinates of a parabola whose axis is the line y = A, 
The path of the ray will not, of course, be the actual boundary of the 
sound, as the latter will spread by diffraction into the space between 
the path and the surface of the ground. The distance below the path to 
which tlie sound is audible will depend on the wave-length of the note 
employed, but the smaller the wave-length the more rapid will be the 
transition from sound to silence. 

If the diffraction of sound is treated in the same way as diffraction of 
plane waves of light passing the edge of a screen (and for such small 
curvatures as are considered the method is applicable as an approximation) 
the fii‘st minimum, at distance x from the source, occurs at from 

the geometrical path. 

The wave-lengths emitted by fog syrens are of tlie order of 6 feet or, say 
0*001 mile. Thus at 6 miles the sound would be just inaudible (or, rather, 
would pass through a minimum) at (10 x 0*001)* = 0*1 mile, that is between 
600 and 600 feet below the harmonic curve. 

The boundary of silence is shown in the diagram by the dotted line. It 
would appear, then, that in the exainple given there would be a silent area to 
windward about 3 miles wide, teginning at | mile from the source of sound. 

In the example it has been supposed that the temperature was everywhere 
constant, but in normal conditions the temperature of the atmosphere near 
the earth's mxrface falls with the height at the rate of about 10° C. per mile, 
and in consequence, as has been observed by Stokes and others, the direction 
of a sound proceeding horizontally is gradually directed upwards. 

A difference of temperature of 10° C. lowers the velocity of sound by 
about 20 feet per second. Hence a plane wave will advance os if it were 
carried by a radius 55 miles long, and if the diffraction effect is estimated 
as before, a sound ray which starts horizontally from /r sr 0 and follows a 
circle of 55 miles radius may be expected to be inaudible, whatever its 
. initial loudness, when the distance of the circle from the ground is y/(2x \) ; 
that is, when a.*®/2R = v/(2;r\), or a? = 2RlX*, so that, if X » 0*001 mile and 
R«65 

X sx 8 miles nearly.* 

This cannot be said to disagree greatly with experience. Many oases are 
recorded in which the sound is inaudible at less than 8 miles, and many also 

Even if X was the greatest wave-length recognisable as sound thiii distance would be 
only doubled. 
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where the range is muoh greater, but at any rate this is the order of distance 
to which a sound generated near the ground level can be heard at the same 
level in still air with the normal temperature gradient. 

On the whole, it is the audibility of distant sounds rather than the reverse 
which requires explanation, but the known velocity gradients and changes of 
temperature at various levels seem amply sufficient for the purpose. 

Sounds which have their origin at a considerable height can be heard at 
greater distances. Thunder, for instance, is occasionally heard when the flash 
which gives rise to it does not even show on the horizon, and this would 
indicate a distance of the order of 50 to 100 miles. 

The phenomena of the deviation of sound rays present a considerable 
analogy to mirage, wind and temperatuie gradients taking the place of 
variation of refractive index. 

Many interesting experiments on the propagation of sound under various 
conditions still await trial, but such experiments could only be undertaken by 
a government, or at any rate would be very costly if carried out privately. 
They could not be made on English coasts or where tliey might interfere with 
navigation,* but there are many small islands in lonely seas in various 
latitudes which, at various times of the year, would be appropriate for the 
purpose. 


* This refers chiefly to experiraents at night* 
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Quantitative Measurements of the Ahsorptimi of Light 1 . — The 
Molecular Extinctions of the Saturated Aliphatic Ketones. 

By Francis Owen Kick, 1851 Exhibition Soholat in the ITnivereity of 

Liverpool. 

(Communicated by Pro! E. C. C. Baly, F.B.S. Eeceived October % 1914.) 

The results of an examination of the absorption spectra of some saturated 
aliphatic ketones in alcoholic solution were published by Stewart and Baly,^ 
and it was shown that there seemed to be a direct connection between the 
persistence of the absorption band and the chemical reactivity of the ketone 
in each case as measured by the rate of the formation of its oxime or sodium 
bisulphite compound. Since the date of that paper the technique of absorp- 
tion methods has been considerably improved, and it appeared worth while 
to investigate the absorptive jiower of the same ketones with the more 
efficient methods now available. 

It was found at once that there is a very considerable difference in the 
position of the alisorption baud according to whether the ketone is observed 
in the pure state or in solution. As is well known, the effect of the solvent 
generally is to shift the absorption maximum towards the longer wave- 
lengths, this shift being as much as 100 A.U. in the case of acetone and its 
aqueous solution. Moreover, it was also found that the shift varies irregu* 
larly from ketone to ketone, and it is therefore obvious that in order to 
compare the ketones amongst themselves it is necessary to deal with the pure 
ketones and not their solutions. 

The only results that have been published of the absorptive power of 
the pure homogeneous ketones are those by Bielecki and Henri, t and by 
Purvis and McClelland,J In the first paper is given the absorptive power 
of pure acetone as determined by the well-known method of these authors, 
and, indeed, this is the only quantitative observation of the absorptive power 
of a pure saturated alipliatic ketone that has been published. 

Purvis and McClelland state that in the case of diethyl ketone a layer, 
0*8 mm. thick with one minute exposure shows complete absorption of all tlie 
rays between X =a 3050 and X « 2420, and of all the rays beyond X ss 2280. 
I find that with Kahlbauin’s material once redistilled and a layer 0*5 mm. 

* * Tram, Chem, Soc.,’ voL 89, p. 489 (1900). 
t vol. 46, p. 3627 (1913). 

t ‘Tmna. Cbem. Soc./ vol 101, p. IBIO (1912). 
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thick, the limits of absorption are X = 3050, 2415, and 2290. These two 
results are in good agreement. 

A general theory as regards the presence of absorption bands was put 
forward by Hartley, who postulated that they are due to molecular vibrations 
of a frequency comparable with that of light. This theory has been recently 
revived in a somewhat modified form by Hantzsch,^ and by Henderson and 
Heilbron,f It is suggested that intramolecular vibrations take place, and 
that these give rise to electronic vibrations which form the origin of selective 
light absorption. If this theory were true it would be expected that the 
effect of substitution of the hydrogen atoms of acetone by alkyl groups would 
very considerably modify tlie absorptive power exerted. If the origin of 
the absorption is to be traced to the molecular vibrations, then surely great 
differences would l)e found between the absorptive power, for exanxple, 
of acetone and pinacoline, or of acetone and methyl nonyl ketone. 

On the other hand, from an extended investigation of the absorption 
spectra of certain groups of organic compounds, it has been shown that the 
molecular vibration theory is unsound, a conclusion that is strongly supported 
by the results published by Henri and his colleagues from their work upon 
the relation between the photochemical action of light on the ketones and 
their absorptive power. It has been shown that the origin of selective 
absorption of light by organic compounds would seem to be in the electro- 
magnetic field surrounding the molecules, and that the light in being absorbed 
does work upon these fields and establishes a photodynamic equilibriuju.J 
Whereas the molecular vibration theory attributes the phenoinenon of 
absorption to optical resonance, the electromagnetic force field theory 
attributes the absorption to the fact that the light does work upon the 
closed or partially closed electromagnetic fields. As has been previously 
shown, the latter theory affords an explanation of fluorescence and phos- 
phorescence and at the same time establishes a direct relation between 
light absorption and chemical reactivity, which the molecular vibration 
theory entirely fails to do.§ 

The application of the electromagnetic force field theory to the saturated 
aliphatic ketones enables certain deductions to be made as to the absorptive 
pow^r of these compounds, and of these deductions every one has been 
confirmed by experiment. According to this view the origin of the absorp- 
tion lies in the electromagnetio field surro\mding the molecule as a whole. 

* * Bar./ vol, 43, p, 3049 (1910). 

t ‘Boy. Soc. Proc./ A, voL 89, p. 414 (1913). 

X Baly mnd Bice, ‘ Trans. Ghem, 8oc.,* roL 101, p, 1476 (1913). 

I Baly, * Phya Zeit; voU 14, p. 893 (1913) ; ‘ Phil. Mag./ vol. 27, p. 633 (1914). 
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This field has its principal origin in the carbonyl group, and can only slightly 
be modified by the adjacent alkyl groups. Four important deductions at once 
follow as regards the absorption of these ketones. 

Firstly, the substitution of hydrogen atoms near the carbonyl group by 
means of alkyl groups would only alter slightly the nature of the force field 
with the result that the wave-length of- the light absorbed would slightly be 
altered. 

Secondly, a similar effect would be produced by dissolving the ketone in a 
solvent. 

Thirdly, the substitution of a hydrogen atom by an alkyl group would have 
a smaller eflect the farther removed the hydrogen atom is from the carbonyl 
group. The effect of substitution would be vanisliingly small when tlie side 
chain of the ketone has reached a certain length. 

Fourthly, the molecular absorptive power of all the ketones should be the 
some, that is to say, equal numbers of molecules of all the ketones should 
absorb the same quantity of light provided that the ketones are inonomole- 
oular and not associated. 

As already stated, these deductions from the theory have all been experi- 
mentally confirmed. 

When the present investigation was finished a second paper was published 
by Henderson and Heilbron, in which they suggested a method for putting 
their theory to a crucial test. In hexamethylocetone,* 

CH. .CHa 

CHa^C-CO— Cf CHa , 

, CHa^ XHa 

there are no hydrogen atoms immediately adjacent to the carbonyl group, 
and therefore this compound cannot undergo any change in chemical 
structure such as is postulated by these authors as the basis of absorption. 
This compound, according to their view, therefore should not show any 
selective absorption, and in thoir paper Henderson and Heilbron stated 
that they had examined this substance and found that it possessed no 
trace of selective absorption. According to the electromagnetic force field 
theory, it is obvious on the other hand that this compound should show 
selective absorption. Owing to the substitution of all the hydrogen atoms 
of acetone by methyl groups, the absorption band should only be altered 
in position, while the molecular absorptive power should be the same as that 
of all the other ketones. 

Henderson and Heilbron do not give any details as to the preparation and 
purification of the hexamethylaeetone as used by them, and owing to the 
essential importance of their observation it was thought advisable to repeat 
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their examination of this oompouiKi A considerable quantity was therefore 
prepared and purified in the manner described below. It was tlien found 
to exhibit a strong absorption band in the expected position, and also to 
possess exactly the same molecular absorptive power as all the other ketones 
examined. This result tnakeB Henderson and Heilbron's theory that the 
absorption is connected with a change in chemical configuration quite 
untenable, and seems in a very marked manner to confirm the view that the 
origin of the absorption lies in the electromagnetic field of the CO group 
as modified by the adjacent carbon and hydrogen atoms. The mechanism of 
absorption cannot be dynamic in the sense that the hydrogen atoms are laT)ile. 

On commencing this investigation, some preliminary observations showed 
that the ketones varied most irregularly amongst themselves as regards 
their absorptive power, and in this way, although the compounds had been 
fractionally distilled in vac'uo with the greatest care and only the middle 
fraction used, doubt was thrown on their purity. It was further found 
that in treating the fmctions with a dilute neutral solution of potassium 
permanganate an immediate reduction of the permanganate took place, thus 
proving that impurities were present. It was not found possible to purify 
any of the ketones by distillation alone, and chemical methods were 
employed in each cose. It follows from this that all the results that 
have been published of the absorption by the ketones are vitiated by the 
fact that the ketones were not examined in a state of absolute purity, 
with the exception of Bielecki and Henri’s measurement of acetone already 
referred to. 

When by suitable means the pure ketones are prepared, a striking difference 
is at once noticed between the absorption curves before and after purification. 
The absorption curve, such as has been published by previous authors, is 
represented as having an absorption minimum on the ultra-violet side of 
the hand, the absorption increasing on either side of this minimum. After 
purification this minimum disappears and the ketone l)ecome8 diactinic in 
this region. This is well shown in fig. 1, which .gives the qualitative 
absorption curves of ethyl propyl ketone before and after purification. 

It is obvious from this that the absorption minimum shown before purifica- 
tion is due to the presence of impurities, the general absorption of which is 
superposed upon the selective absorption of the pure ketone. An important 
point arises in connection with the presence of an impurity in the ketone. 
The absorptive power of these compounds is relatively very small compared 
with that of ring compounds. Consequently, the presence of such impurity, 
even in small amounts, would vitiate any quantitative measurement of 
the absorptive power of an aliphatic ketone. It is well known how readily 
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ketones, especially those containing the acetyl group, are converted into 
cyclic compounds, and therefore the rigid ab^nce of such impurities is 


Wav€ ienyths 

3400 3000 2000 2200 



L Distilled m vacuo. II. Purified through eemicarba^one. 

absolutely essential. It was evident therefore that before any reliable 
measurements of the ketones could be made it was absolutely necessary 
to prepare thorn in a state of purity. 

The ketones used in this investigation were all purified with the greatest 
possible care, and no specimen was used for absorption, measurements 
unless it showed itself to have no trace of an absorption minimum on the 
ultra-violet side of the absorption band, and to give no reduction of a 
dilute neutml solution of potassium permanganate when shaken with it for 
15 minutes. When this was found to be the case the compound was 
considered to be optically pure. 

The following methods were employed in the purification of the several 
ketones : — 

Acetwu. — Kahlbaum’s material, prepared from the sodium bisulphite 
compound, was used after cfiireful redistillation. The optical test mentioned 
above seemed to establish its purity, but in order to confirm this conclusion 
the acetone was treated according to the method described by Shipsey lind 
Werner.* The absorptive power was not altered in the smallest degree by 
this treatment. 

* ‘ Trans. Chem. Soc.,* vol. lOSj p. 1256 (1913). 
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Methyl Ethyl Ketone ^ Methyl Propyl Ketom^ Methyl im-Prapyl Ketone, Didhyl 
Ketone, Methyl Butyl Ketone, Methyl iBo-Butyl Ketone, Methyl Hexyl Ketone, and 
Methyl Nonyl Ketone, — These ketones were all purified by conversion into the 
sodium bisulphite compound, from which the original ketone was regenerated. 
The ketone was shaken with an excess of a saturated solution of sodium 
bisulphite until the maximum possible yield of the addition compound had 
been formed. In the case of the higher ketones a little alcohol was added 
to increase the velocity of the combination. The mixture was filtered at 
0° C. and the double compound thoroughly drained, washed once or twice 
with ether, and dried on a porous plate. The dried material was trans- 
ferred to a flask containing a solution of sodium carbonate. The ket^me 
was then, if possible, distilled off in a current of steam. With the higher 
boiling ketones this was found to be impossible, owing the formation of 
coloured impurities which could not be removed by any means. In these 
oases the steam was passed into the alkaline solution for just sufficient time 
to decompose the addition compound. The solution was then cooled and the 
ketone mechanically separated. 

In the case of the lower boiling ketones which were distilled in a current 
of steam, the aqueous distillate was treated with potassium carbonate in order 
to salt out the ketone, which could then be mechanically separated. In every 
case the ketone was treated with a little alkali in order to remove any trace 
of sulphur dioxide or carbon dioxide. 

The several ketones prepared in this way were dried for 48 hours over 
fused calcium chloride and then distilled. If the boiling point of the liquid 
were 100® or less, the distillation was carried out under ordinary pressure, 
but if the boiling points were above 100® the distillation was always carried 
out under rediiced pressure. 

Pinmolim. — This was purified by conversion into tJie oxime. This com- 
pound was prepared according to the method given by Lapworth and 
Steele** The oxime, when thus obtained, was recrystallised from alcohol. 
It was then filtered and dried on a porous plate. The pure oxime was then 
transferred to a flask containing a 10-per-cent, aqueous solution of sulphuric 
acid and the pinacoline distilled over in a current of steam. A certain 
amount of undeoomposed oxime was found to be carried over with the 
pinacoline. This was removed by shaking the ketone with a 15-per-oent. 
solution of sodium hydroxide, after which it was washed with water, dried, 
and distilled. 

Mhyl Propyl Kdone, Bipropyl Ketone, and Ethyl \%o-Bvtyl Ketone, — The first 
attsempts to purify these compounds were made by means of their oximes, 
* * Troua. Cbem. Soc.,* voL m, p. 1882 (ieil> 
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but this waa found to be impraoticablo owing to the fact that the oxime^ are 
oils which would not crystallise, even at very low temperatures. The final 
method adopted was^ to convert these ketones into their semicarbazones, 
from which the pure substances were regenerated. The method of pro* 
oedure was exactly similar to that used in the case of the oximes and 
described above for pinacoline. 

A further purification was made of dipropyl ketone by reorystallising it 
from hexane at a temperature of —80®. For this purpose a special apparatus 
was devised to enable the crystals to be filtered off at the low temperature. 
It was found, however, that the ketone, after the recrystallisation, had 
identically the same absorptive power. 

Hexamethylacetonf.. — This compound was prepared from pinacoline according 
to the method described by Haller and Bauer.* From 100 grm. of pinacoline 
about 60 grm. of the crude ketone boiling at 159-161® were obtained. Since 
this ketone does not form an oxime, semicarbazone, or hydrazone, the problem 
of its purification seemed to present some difficulty. A preliminary test 
showed that on shaking with potassium permanganate solution considerable 
reduction took place. The whole of the ketone was therefore shaken with 
successive portions of permanganate solution until no further reduction 
took place. The ketone was then washed with water, alkali, acid, and again 
with water. After drying the ketone was distilled with a Young fractionating 
column, and almost the whole quantity passed over at 161-161’6^. The 
absorption was then examined, and, as already mentioned, it was found to 
exert strong selective absorption and to possess the same molecular absorp- 
tive power as the other ketones. 

In order to place its purity beyond question, the ketone was recrystallised 
from absolute methyl alcohol at —80®. The separated crystals, after melting, 
were washed with water, dried, and distilled under reduced pressure. The 
whole of it distilled at 61^5° at 15 mm. pressure, No change was made in 
the absorption by this treatment, and the purity of -the ketone was thus 
established beyond any question. 

The boiling points of the ketones are shown in the table on p. 83.“ 

The preliminary port of this investigation was carried out with a large 
quartz spectrograph, the usual qualitative absorption curves being obtained. 
In order to obtain the requisite thin layers of the liquids, the micrometer 
cell as previously described was useAf This method of work vwks superseded 
by the apeotrophotometric arrangement recently devised by the firm of 
Hilger and Go. With this apparatus it is possible to detetmiue the extino* 

* ‘Cumptee Eenfiua,* vol. XSO, p. 582 (1010). 

+ * Baly and Rice, ‘ Tram. Cliem. Soc./ vol. lOS, p. 01 (1013). 
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Ketone. 

Boiling point. 

Preefture, 

■ 

0 

mm. 

Acetone 

66*8 

750 

Methyl ethyl ketone 

SOT 

758 

Methyl propyl ketone 

101 *6 

769 -2 

Methyl tVopropyl ketone 

Methyl butyl ketone 

94 , *7 

766 

126 *5 

768-3 

Methyl ifobutyl ketone 

116 *8 

769-8 

HnftcoUne 

106-2 

769 -3 

Methyl hexyl ketone 

169 *6 

768-9 

Methyl hexyl ketone 

65-2 

12 

Methyl nonyl ketone ! 

99 T 

12 

Diethyl ketone I 

101 -0 

7G1 *6 

Kthyl propyl keh^ne | 

Dipropyl tetone 

128 T 

767 *2 

76 T 

68 

Hexamethylecetone 

64 -6 

16 

The melting point of pinaooUne oxime wee found lo be 75 *6 . 


tion coefficient to as far as 2100 A.U. As a meaBure of the accuracy of this 
instrument it may be said that it has been found possible to find the position 
of maximum absorption, that is to say the optical centre of the absorption 
band, to within + 3 A.U. 

The extinction coefficient, e, is given by 



whene lo is the intensity of the incident light, I the intensity of the emergent 
light, and d the thickness of the absorbing layer. 

In order that the results be comparable it as necessary to take into account 
the molecular concentration of the ketone. If c be the normality of the 
ketone (Specific gravity x 1000/Molecular weight), the molecular extinction 
is given by M = e/c. 

The molecular extinction curves are obtained by plotting the values of M 
on the ordinates against the corresponding wave-lengths on the absciseoe. 
Owing to the compactness of the spectrophotometric apparatus it was not 
found possible to use the micrometer cell, but a number of cells were made 
of known thicknesses by cementing together two plain parallel quartz plates 
together with a wire ring of known diameter between them. 

The thickness of the two quartz plates being known, it was possible to 
measure the distance between them to within 0'003 mm. Several cells were 
made to hold liquid layers from 0‘B mm. to 2*0 mm., and found to be sufficient 
ioic all the ketones examined. 

The extinction curves may be discussed from two points of view, namely, 
the optical centres of the absorption bands, and the molecular extinctions 
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at the centres* The wave-lengths of the centres of the absorption binds are 
given in the following table — 

Table I. 


Acetone 

... 2747 

Methyl wopropyl ketone.... 

. 2820 

Methyl ethyl ketone ^ 

... 2770 

Methyl wobiityl ketone .... 

2810 

Methyl pi*opyl ketone. 

... 2790 

Finacoline 

. 2850 

Methyl butyl ketone 

... 2790 

Diethyl ketone 

. 2780 

Methyl hexyl ketone 

... 2790 

Ethyl pixjpyl ketone 

, 2800 

Methyl uonyl ketone 

... 2790 

Dipropyl ketone 

. 2820 



Ethyl Mobutyl ketone 

. 2820 



Hexamethylacetone 

. 2950 


The effect of substitution of the hydrogen atoms by CHg groups is shown in 
a very interesting manner in the above table. In the first column are given 
the values for the normal ketones containing the acetyl group, and as maybe 
seen the substitution of an a-hydrogen atom in acetone to give methyl 
ethyl ketone, Le, CH3— CO— CHg — CHa— CO— OHij— CII3, causes a shift 
to the red of 23 A.U. The substitution of a ^-hydrogen atom in the 
latter, ie. CHa— CO— CHjj— CH3 — CHa— CO— CHa— CHg— CHg, causes 
a further shift of 20 A.U, Substitution of a 7 -hydrogen atom makes 
no difference, and thus in methyl propyl ketone the limiting length of 
side chain has been reached. The general conclusion may be drawn, therefore,, 
that all normal ketones having the formula CH3 — CO — CHa — CH2 — E, where 
E is any saturated alkyl radical, have absorption bands with centre at 
X =r 2790 A.U. 

The substitution of a second «-hydrogen atom by CHg, ie„ 

CHa 

I 

CH^—CO— CHa— CHa -- CH3-CQ— CH , 

1 

CH, 

methyl wupropyl ketoue, causes a shift of 50 A.U., a much greater effect 
tlian that observed in the first substitution. This is doubtless due tu 
the formation of the iso group, which will be referred to below. This 
exaltation due to the iso group is not evidenced when it is in the /S-position 
for the substitution in methyl propyl ketone to g?ve methyl isobutyl 
ketone, i.e.. 

CH, 

CH,-(^0-CHr-CH,-CH, — CH,— CO— CHy-f^H . 

Ah, 


only gives the normal shift of 20 A.U. 
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The substitution of the third a-hydi'ogen atom in methyl tWpropyl ketone 
to give pinacoline, ie. 

CH3 

I yCHa 

OHg— CO— CH - CHa— 00— C^^CH3» 


causes a further shift of 30 A.U. 

The shifts obtained in the successive substitution of the three a-hydrogon 
atoms of acetone are 23, 50, and 30 A.U. respectively. 

Tlie last five ketones show the effect of substitution on both sides of the 
carbonyl group, and, as may be seen, the same laws are obeyed, namely, that 
substitution in the «« and ^-positions only causes a shift in the centre of 
the absorption band. The case of hexamethylacetone is peculiarly interest- 
ing. The substitution of the three a-hydrogen atoms in acetone by methyl 
to give pinacoline causes a shift of 103 A-U., and therefore it is to be 
expected that the substitution of all six a-hydrogen atoms should cause a 
shift of twice this amount, Le. 206 A.U. The centre of the absorption band of 
hexamethylacetone should be at 2747 + 206 2963 A.U. The observed value 

is 2950. 

Turning now to the molecular extinction curves of the ketones, it may 
be pointed out that the curves of the ketones of the general formula 
CH 3 — CO — CHa — CHa — E, where K is any saturated alkyl radical, are all 
absolutely identical. Further than this, the extinction curves of all the 
remaining ketones, with the exception of acetone and methyl ethyl ketone, 
are geometrically similar. It is possible, therefore, to draw one general 
curve from which the molecular extinctions at any wave-length may be found 
for any ketone, excepting the two just mentioned. 

The following table gives the wave-lengths and molecular extinctions for 
the ketones of the general formula CH 3 — CO — CHa— CHa — R : — 



21 '2 
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The maximutu molecular extinction for all these ketones at the oentre of 
the absorption band is therefore 21*2. These values are plotted on a 
curve in fig. 2, the figures on the cui^'e being the last two significant 



Fio. S. — Curvet for the ketones of the general formula OHs — CO — OHj — OHj— E. 

figures of the wave-lengths corresponding to the extinction shown on the 
ordinates. Owing to the geometric similarity, the molecular extinction curve 
of any ketone in the right-band column in Table I may be drawn by adding 




Qiiantitatiw MeasuremeifitB of the Absorption of Light. 87 

the difference betweeai the centre of its absorption band and 2790 to the 
wave-lengths in Table II, It may be mentioned here that in the case of 
hetones with very long side chains the absorption of the alkyl radicals', will 
be superimposed on the normal curve, but with all the ketones examined the 
absorption of the side chains was found to be practically negligible at wave- 
lengths greater than 2300. 

Two important facts may be mentioned in connection with the results of 
these observations. In the first place, the measurements of the magnetic 
rotation canied out by Sir W. H. Perkin should bear some relation to 
the absorption observations, since there is no doubt that the electi’O- 
magnetic force field theory also can ofler an explanation of the magnetic 
rotation phenomena. A comparison of Perkin's results with the ketones, 
and those recorded above, certainly shows considerable analogy. For example, 
Perkin showed that in any one homologous series of compounds it is 
possible to lay down certain definite laws as regards the relation between 
magnetic rotation and constitution.. Thus he found that the substitution 
of hydrogen atoms by methyl groups gave rise to a constant change in 
the molecular rotation, provided that the substitution did not take place 
in close proximity to a group possessing strongly marked residual affinity. 
As a result of this he was able to calculate the ‘‘series constant" of any 
homologous series, and in the case of ketones of high molecular weight 
perfectly accurate values were obtained. 

On the other hand, considerable divergences showed themselves in the case 
of the ketones of low molecular weight. There certainly seems, therefore, 
some analogy between the light absorption values and those from magnetic 
rotation if we compare the two divergences together. 

Thus the progressive substitution of methyl for hydrogen near tlie carbonyl 
group affects the extinction curves, the normal oxirve not being obtained until 
the 7 -hydrogen atoms are reached. 

A still more striking analogy is evidenced when the results with methyl 
isopropyl ketone and pinacoline are compared. Deviations are observed in 
the two cases of absorption and rotation. This is esj^eoially emphasised 
in dealing with methyl isopropyl ketone in which the iso group con- 
miderably inci^eases the wave-length of the centre of the absorption band. 
Perkin showed that the presence of this grouping also abnormally increased 
the magnetic rotation. 

A second striking fact is to be found in the chemical reactivity of the 
ketones, especially of the hydrogen atoms as regards their substitution by 
halogen atoms. It is well known that the direct substitution of the terminal 
hydrogen atoms in propane by Imlogen atoms is slow and difficult to bring 
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about, whilst in acetone the substitution is carried out with extreme ease. 
From the absorption results it is obvious that there is a vetj intimate con* 
nection between the carbonyl group and these hydrogen atoms, for subsAir 
tuting them by methyl causes a marked shift in the absorption band. This 
change is less if a yS-hydrogen atom is substituted, and vanishingly small 
if a 7-hydrogen atom is substituted. In other words, the relation between 



Fro. 3.— Acetone. 


the carbonyl group and the «, /S, and 7-hydrogen atoms decreases. The 
reactivity of the hydrogen atoms as evidenced by their direct replacement by 
halogen, must, therefore, decrease the further they are removed from the 
carbonyl gronp, the three 7-hydrogens of methyl propyl ketone being in 
exactly the same state as the terminal hydrogeue of »-pentane. 

Attention has already been drawn to the fact that the moleonlar extinc- 
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tioQa of aoetoue and methyl ethyl ketone are not the same as that of all the 
other ketones. The extinction curves of these two substances are shown in 
figs. 3 and 4, from whioh it can be seen that the molecular extinction of 
acetone is 171, and that of methyl ethyl ketone 19-4. These bodies, there- 



fore, absorb less light than the other ketones, all of whioh have a mulecnlar 
extinction of 21*2. This variation seems to be of considerable importauce-in 
view of the fact that acetone is known not to be entirely monomolecular but 
associated to a certain extent. Bamsay and Shields* found the factor of 

* ‘ Trans. Chinn. Soc.,' vol. 68, p. 1058 (1893). 
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aBBociation to be 1-26, that is to say, the average moleoular weight of acetone 
is 68 X 1'26. Now the asBociation factor x is given by 

N 

* M, + M/ 

where N is the total number of acetone molecules, M, the number of simple 
molecules, and Me the number of complex molecules. It is obvious that any 
association must tend to decrease the absorptive power of the ketone, and it 
is a reasonable assumption to make that the absorptive power of the associated 
molecule will be inversely proportional to the number of simple molecules 
in the complex, that is to say, if two molecules associate, the complex 
will absorb half as much as the two simple molecules, and ho on. 
Obviously the calculated molecular extinction, in the case of acetone 21*2, 
will be proportional to N, assuming, of coui’se, that if acetone were unasso- 
ciated it would behave as a normal ketone in wliich the maximum molecular 
extinction is 21 * 2 . 

Again, the observed molecular extinction will be proportional to 
for this extinction is the sum of the absorptions of the associated and miasso- 
ciutAmolecules for the particular wave-length. 

can, therefore, put the association factor ic = Calculated molecular 
extinction-i-Observed molecular extinction. 

In the case of acetone m = 21*2/17*1 = 1*24, wliich is remarkably close to 
that actually observed by Kamsay and Shields, namely 1*26, 

It would follow from this that not only is it possible to explain the 
divergency of the absorptive power of acetone from the normal value on the 
grounds of its association, but also actually to measure the association factor 
by means of the amount of light absorbed. To calculate the association 
factor, therefore, the ratio of the two extinctions (calculated and observed) is 
found. In the case of methyl ethyl ketone the observed value of the 
molecular extinction is 19*4, while the calculated value i.s 21*2. The ratio 
21*2/19*4 ==: 1*09 gives the association factor. Unfortunately no values of 
the surface tension of this ketone seem to have been published from which 
the value d [7 (M.V)*^®] j dT may be calculated, but my results would certainly 
show that it is associated to this extent. 

Suimnary and C(nicluaio7i$. 

1 . Fourteen saturated ketones of the aliphatic series have been prepared in 
a state of optical purity. 

2 . Spectroscopic and chemical tests prove tliat tiheir purity is above ques- 
tion, and that the absorptive power as determined for these ketones is 
thoroughly reliable. 
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3. The wave-lengths of the centres of the absorption bands depend on the 
number of methyl groups in the « and ^ positions relative to the carbonyl 
group. Substitution of hydrogen atoms in the 7 or further positions has no 
effect on the absorption band. 

4. The ketones of the general formula CHjjCOCHaCHaK have the 
centre of the ateorption band at 2790, and those of the general formula 
liCHflCHaCOOHsCHaB at 2820, where li is any siiturated alkyl radical 

6. Substitution of an a-hydrogen atom by methyl causes a movement of 
the centre of absorption 20 A.U. to the rod for each atom substituted. Substi- 
tution for an «diydrogen atom with formation of the iso group causes a shift 
of oO xinits, and when the substitution in the a-positioii forms a tertiary 
group the centre of absorption moves 30 units, 'fhere is thus an enlianced 
effect in the case of the iso and tert groups. Tiie movement of the band 
caused by the substitution of hydrogen by alkyl is always towards the red 
end of the spectrum. 

0. The general results agree markedly with the observations made by 
l^erkin on the magnetic rotation of these compounds. Tlie magnetic rotation 
is normal for methyl propyl ketone and the higher homologues,but aba^^ial 
in the case of methyl ethyl ketone, and still more abnormal in the case of 
acetone. This is shown by the different position of the absorption bands in 
the case of acetone and methyl ethyl ketone from those of metliyl propyl 
ketone and the higher homologues. A similar agreement between absorption 
and magnetic rotation is observed in the effect of the iso grouping. 

7. The results of the absorption ineasuiements agree with tlie chemical 
jxroperties of the ketones. The former show that the farther removed from 
the carbonyl grouj) is a hydrogen atom, the less effect is produced on substi- 
tution by Uiethyl, or the less is the relation between the hydrogen atom and 
the carbonyl group. This is in agreement with the behaviour of the hydrogen 
atoms on treating tlje ketones with chlorine or bromine. 

8. The absm^xtive power or molecular extinction of all the ketones, with 
the exception of acetone and methyl ethyl ketone, is 21*2. On the assump- 
tion that if acetone were unassoeiated it would behave nomally, the 
association factor is calculated from its nmlecular extinction to be 1*24, 
This number is remarkably close to that found by Itamsay and Shields, 
namely 1*26. 

Similarly, the association factor of methyl ethyl ketone is calculated to l>e 
1*09, The method of light absorption measurement appears to give a means 
of determining the association factor of a liquid, and also it is not subject to 
any poBsible error due to surface conceutration phenomena. JRamsay and 
Shields' work has been criticised on these groxmds. 

YOU xen— A. 
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9. The whole of the measurements given are in agreement with the general 
theory that the absorption band of the ketones is due to the electromagnetic 
field of the carbonyl group as infltienced by the substituents iu the immediate 
neighbourhood. 

The author desires to express his sincere thanks to Prof. E. 0. C. Baly 
for much advice and assistance during the course of the research and for 
facilities for carrying out the work, also to Dr. A. W. Titherley for advice 
on the purification of the ketones. 


Luminous Vapours Disiillod from tfm Arc^ urith Applications to 
the Study of Spectrum SeHes and their Origin . — IL 

By the Hon. K, J. Struot, Sc.l)., F.K.S., Professor of Physios, Imperial College, 

South Kensington. 

(Eeccived Octol>er 12, 1914.) 

§ 1. Introductmi. 

This paper is in continuation of a former one.* 

It has been observed by Stark, f and subsequently by MatthiesJ and 
Child, II that a luminous jet of mercury vapour, distilling away from the aio 
in vacm, into a region quite remote from the electric field of the arc itself, 
may be deprived of its luminosity by an independent electric field. 

The present paper describes experiments made to elucidate this effect in the 
case of mercury, and similar observations made upon other metallic vapours. 

§ 2. EoyperiineiUB with Mercury. Electrical Condition in the Luminom Jet. 

Fig. 1 shows a form of apparatus suitable for many of the experiments. 
The mercury cathode is formed by the top of a barometric column, a, 
connected at the bottom to a rubber tube and reservoir (not shown). The 
hollow iron tube 6 mm. internal diameter and about 1 cm, long, forms 
the anode. It does not touch the glass walls, but is supported on an iron 

* ‘ Boy. Soc. Pi'tKj.,’ A, voJ. 90, p. 364 (1914). 

f ‘ Aun. d. Phys./ vol. 14, p. 530 (1904). 

t ‘ Verb. d. Deut. Phyn. Gesell.,* vol. 12, p. 7M (1910). 

I) ' Phil. Mag.,’ voL S6, p. 906 (1918), 
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wire screwed into it, as shown. The latter passes out through a cemented 
joint at c. 



Fio. t. 


In using the apparatus the arc was struck by raising the mercury level 
und allowing a small quantity of mercury to flow over the bend. A current 
of about 3 amperes was passed. Mercury vapour distilled down the tube A. 
The upper part of this tube was in an asbestos oven, shown by dotted lines. 
It was kept hot enough by electric resistance heaters to prevent the mercurj’ 
from condensing. Further down the mercury was allowed to condense, and 
fell into the bottle d, A Gaede mercury pump attached to the apparatus 
was kept going continuously. Under these circumstances the vapour passing 
from h through c remained luminous until it was condensed. 

This general type of apparatus admits of many modifications for different 
experiments. As shown in fig. 1 the glowing vapour is made to pass through 
a wire net electrode e, consisting of a few fine iron wires stretched across an 
iron ring f e forms the cathode of an auxiliary circuit distinct from that of 
the arc, and used for examining the ionisation of the luminous jet. The 

Ordinary wire gaiuse obatnicts tlie paasagS of the vapour too much. 

I 2 
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anode of this circuit may be an iron wire at/; a current-measuring instrument 
and a battery of variable E.M.F. are included in it. 

With the arrangeuiente described, the current increases with the E.M.F., 
at first rapidly then more slowly, but it does not appear to attain a very 
definite limit. Applying, say, 80 volts* between e and/, the current is of the 
order of 1 or 2 milliamperes. 

It is remarkable that the value of the current, though very dependent on 
the shape and position of the cathode, does not depend at all on the form of 
the anode, or on where it is placed. 

For instance, using e as cathode, we may employ either / or a wire inserted 
at ff, alternatively, as anode, without affecting the current, although / is 
upstream of the cathode and downstream of it, in the rapidly moving 
mercury vapour. If, on the other hand, we use e as anode, the current will 
be much larger with // as cathode than with / as cathode. A great variety of 
experiments with different shaped electrodes, which it would be tedious to 
describe in detail, have always shown that — 

(1) With two alternative cathodes of the same shape, a larger current 
passes when the cathode farther upstream is used, 

(2) With a given cathode, the value of the current at any given E.M.F. is 
independent of the position of the anode. 

Experiments made with a testing electrode, or ** sound,’' movable l>etwe(?n 
e and/, and connected to an electrometer, have shown that the fall of potential 
is almost all in the iiim:Lodiate neighbourhood of the cathode. 

It will be observed that the properties of the glowing vapour, regarded as a 
conductor, are not unlike those of a flame, which is characterised by the great 
mobility of the negative ions compared with the positive. 

We may, I think, interpret the observed facts as follows:— A certain 

* If it iH atterijpted to iijci'eaae the E.M.F. between the auxiliary electrodes very much 
beyond this, a discharge is set up, giving rise to new luminosity between e and /. This 
new luminosity is much bluer in colour than that which comes down from the arc in the 
absence of any E.M.F. If the anode is upstream of the cathiTde, so that the negative ions 
moving from cathode to anode have to make their way agjiinst the moving stimm of 
mercury vapour, then discharge staits suddenly and capriciously with tl)e |>as8age of a 
large current. In the opposite case (anode downstream), as the E.M.F. is increased, a 
patch of blue light begins to api)ear on the anode and gradually extends towards the 
cathode. Its appeaiunce is not accx)mi>anied by any sudden rise in the current. We may 
account for this by supposing that the negative ions approaching the anc^de produce new 
ions, with luminfsjity ; but that the new positive ions thus produced are unable to make 
their way upstream against the general movement of the vapour. Thus thtey ore unable 
to contribute to the current, and have to recombine with the negative ions from which 
they were originally separated. 

When the anode is upstream the case is different, for the negative ions, of great mobility 
have no difficulty in making their way upstream. 
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number of positive and negative ions are carried away from the arc by the 
stream of vapour* Since electricity cannot aooumulate indefinitely on the 
insulated auxiliary circuit, it follows that when a steady state has been 
reached the number of positive ions carried down from the arc must be 
equal to the number of negative, at least if we suppose that each ion is 
monovalent. Some of the positive ions will be removed at the cathode, 
others will recombine with negative ions. Owing to the much greater 
mobility of the negative ions the current passing round the circuit essen- 
tially depends on the circumstances at the cathode. The number of negative 
ions removed at the anode cannot exceed the number of positive ones 
removed at the cathode, however favourably the anode may be pnesented 
to the stream of ionised vapour. 

Consider the case when the anode is upstream. Since the electric field is 
only strong near the cathode, the current is not even approximately saturated. 
By this I mean that extensive recombinatum is going on in the space between 
the electrodes. On the other hand, after the moving stream of vapour has 
carried the positive ions into the strong electric field near the cathode, they 
are all, or nearly all, removed. This view has been confirmed experimentally 
by arranging a second pair of electrodes with battery and galvanometer, 
forming a second auxiliary circuit beyond the gauze cathode. The current 
in this second auxiliary circuit is reduced to a very small fraction of its 
original value when the first auxiliary circuit is closed with an E.M.F. of 
80 volts. The arrangement is indicated diagrammatically in fig. 2. 



1 3. JSbsperinients with Mermry, Effect oj Electric Field on Imnimdty. 

So far we have considered the electrical efifects when the auxiliary circuit 
is closed. Let us now consider the effect on the luminosity of the vapour. 

It may be summed tip thus : the luminosity is not affected when the 
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stream of vapour passes the anode, bat it is wholly or partially quenched 
when it passes near the cathode. 

The precise eflfect depends on the particular shape and disposition of the 
cathode. Using two wire nets at right angles to the stream, with the up- 
stream net as anode, the luminosity passes the anode and extends to within 
I or 2 rnm. of the downstream (cathodic) net, at which point it is perma- 
nently extinguished. There is, in fact, a small dark space over the cathode, 
reminiscent of that observed over the cathode of a vacuum discharge, but 
not, of course, to be in any way identified with it. 

If the upstream net is cathode, the extinction occurs a millimetre or two 
on the upstream side of it as before, and the whole space between the 
electrodes is dark (fig. 3). 



Fig. 3. 


Another form of cathode that may be mentioned is a flat plate, several 
centimetres long, placed parallel to the stream. There is a wedge-shaped 
dark space over this plate, with its thin end upstream. A cathode consisting 
of two plates opposite oue another, with a metallic connection outside, shows 
this efiect still better (fig. 4). Inside a tubular cathode the luminous stream 
tapers down similarly. 



Fig. 4. 
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It has been emphasieed that the current passed in the auxiliary circuit 
depends on the position and shape of the cathode, but is independent of the 
position of the anode. Exactly the same applies to the extinction efifects. 
For instance, the stream loses its luminosity in passing through a cathode net 
whether the anode is upstream or downstream of it. 

In the absence of any E.M.F. there is always a considerable loss of light 
as the stream passes through a net electrode. I have not obtained any 
ilistinct evidence as to the cause of this, but the greater luminosity of the 
stream in front of the dbstaole may be simply due to itfe^ greater density. 

An experiment was arranged in which the luminous stream was sym- 
metric^ally divided into two, one half of it passing through a glass tube 8 mm. 
diameter and 3 cm. long, and the other half through an iron tube of exactly 
the same size. The emerging streams were greatly enfeebled by passing 
through these comparatively narrow tubes, but the stream from the iron 
tube was not feebler than the other. Thus there seems no special reason 
for attributing the eufeeblement to contact of the luminous vapour with a 
conductor. 

§ 4. Intmpretation of the Phenomena. Lowf Life of the lAtminous Centres in 

t/i£ Jet, 

The fact that the luminosity can be at once quenched by removing the 
positive carriers is consistent with two alternatives. Either (1) the luminous 
centres are cliarged, and continue to emit in the charged condition, while they 
are carried a considerable distance from the arc with the stream of moving 
vapour; or (2) the actual emission only lasts a very short time, the apparent 
removal of the luminous centres being really the removal of the positive ions 
which emit a momentary liuninosity during neutralisation, What is removed, 
on this view, is the raw material from which luminous centres would other- 
wise be formed. 

On the second view, the luminous intensity at any point would be pro- 
portional to the rate of recombination there. It would therefore, other things 
equal, be proportional to the product of the concentrations of the positive and 
negative ions. This is very difficult to reconcile with an experimental fact 
that has teen mentioned above, namely, that no diminution of luminosity is 
observed at the anode, when this is the first electrode reached by the 
luminous stream. Negative ions are, without doubt, removed at the anode, 
and the concentration of those that remain must te diminished. On the 
theory (2) the luminosity should te diminished proportionately, and if this 
theory is to stand at all, we must suppose that the negative ions removed 
at the anode ai’e an insignificant fraction of the whole number that pass. 
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The following exr>eriiuent seems to show that this supposition is not 
admissible. 

Two wire nets, h and r, fig. 5, were arranged across the stream of vapour. 
Using the first one h as cathode, and the wire a as anode, the current 
was 2‘7 milliamperes. As already explained, the removal of positive ions 

by h was practically complete. Thus the 
current is a measure of the number of ions 
that reach this point. Next, using c as 
cathode and h as a'node, the current was 
found to be diminished to 1*3 milliampfere. 

It follows, then, that in the absence of a 
field, the number of positive ions and con- 
sequently also the number of negative ones 
reaching c is about half the number that reach h, the remainder recombining 
between h and c. If, then, we make c cathode and h anode, we take out as 
many negative ions at as we take out positive at c. In other words, under 
the particular conditions of tliis experiment, we take out half the entire 
number of negative ions that reach 6, and we reduce by half the rate of 
recombination at this point. Yet the luminous intensity is not at all 
affected. It does not appear, therefore, that the luminosity can he attributed 
to recombination. 

Wo must, then, fall back on the alternative supposition (1), that the 
luminous centres manufactured in the arc eoutimxe to emit light while the 
vapour travels a considerable distance. We have to suppose that they are 
charged jwsitively throughout* to account for tlieir removal by passing near 
a negative electrode. 

It is known, from the kinetic theory of gases, that the velocity of the stream 
of luminous vapour cannot exceed the molecular velocity. Taking, say, 273*^ 
as the temperature of the lamp, the molecular velocity of mercury ia about 
5 X 10^ cm. j)er second. The mercury glow has been observed to travel 
50 cm,, and might doubtless be made to travel much further. The time for 
which mercury remains luminous must therefore be at least one thousandth of 
a second. 

Previous writers have considered it impossible that a molecule once set 
vibrating could remain vibrating so long, and have therefore been driven 
back on the alternative view that the luminosity is due to the recombination 
of ions. 

* In the case of morcury. We Khali me later that in certain other caees there i« reason 
to regal’d the lumiiuniH coutrcH aa unoliarged. 
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A calculation by Lorentz* has been cited, which ahows that a single 
electron performing simple harmonic oscillations of wave-length 6 x 10"^ cm. 
would lose amplitude in the ratio eil in 4 x 10“® seconds, and could not 
therefore travel any appreciable distance before extinction. 

But have we adequate reason for considering that the vibrating system is 
•of this character ? Even on the older views, it is well known that a 
system of a few electrons equally spaced round a ring, and revolving 
uniformly, part with their energy beyond measure less quickly than a single 
; and more recent speculations of Bohr and others, which rest on 
Planck's conceptions, question whether the mechanism of light vibrations 
is of this kind at all. It is sometimes suggested that the observed limit 
■of interference shows that the number of vibrations a molecule can execute 
is limited to a few millions. But another cause, the Doppler effect of the 
moving molecules, sets a limit to interference. 

Bohr's theory of spectrum series, which has excited so much interest, and 
which has been so successful in its numerical application to certain spectro- 
scopic data, contemplates the sudden jump of an atom (which may or may 
aot be charged) from one state to another with emission of radiation, does 
not, 80 far as at present developed, profess to give any account of when, 
•or why, the jump occurs,* and cannot therefore set any limit to how long 
the emission might hang fire " after the atom has left the place of 
oxcitation. 

Upon the whole, therefore, it does not seem that we have any very strong 
•grounds at present for calculating bow long after excitation an atom may 
-emit light. If not, we cannot decide, upon these grounds, what view is 
to be taken of the luminous mercury stream. The evidence which has 
been thought to exclude the theory of recombination as the cause of 
luminosity has been given above. 

^ 6. JSucperiments with Various Metals. Some Lilies in a Si^eetrum More 
Sensitive to LJiVtinction than others. Band Speetra, 

The above experiments made with mercury vapour have been extended to 
other metals, using the methods described in ‘ Proo. Boy. Soo./ A, vol. 90, 
p. 364, 1^14. The general results are similar, but the extension has revealed 
some new and interesting effects not to be observed with mercury. 

The apparatus^ requires some additions for observing the extinction effects 
when the glow passes through a negatively electrified wire net. The net a 

^ ‘ Theory of Electnms,’ p. 259 (1909). 

t J. J, Thomson, ‘ Phil. Mag./ 1903, p. 381. 

X Loe. cit.j p. 365. 
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(fig, 6) is mounted on a metal rod h passing through a barometric column 
which admits of its being brought to any desired distance above the jet 

from which the vapour isBues, or being turned 
out of the way if desired. The anode of the 
auxiliary circuit may be simply the perforated 
anode r of the lamp itself from wMch the luminous 
vapour issues ; or it may be an iron plate d with 
a hole ooJTesponding to that in r, and insulated 
from it by the mica washer e. The metal support 
and contact of d is brought out through the air- 
pump plate which forms the base of the apparatus 
with an insulating rubber stopper. The baro- 
metric column carrying a is brought out in the 
same way. The apimratus is covered with a 
highly exhausted bell-jar as before. 

In every case examined the line spectra of metals have been observed to 
be extinguished by passing through the negatively electrified net. The list 
is as follows: — Sodium, potassium, calcium,^ magnesium, mercury, zinc,, 
cadmium, thallium. 

The point of chief interest brought out by these experiments is in certain 
spectra the lines of one series are more easily extinguished than those of 
another. It is not easy to observe anything of this kind in the cfiwe of 
mercury. But in two oases — sodimn and magnesium — it is very conspicuous, 
and indeed could scarcely escape the attention of anyone making the experi- 
ment. 

The conditions must not be such as to produce a complete extinction of the 
whole luminosity, but partial extinction is much more easily achieved than 
complete extinction, for the latter requires an adjustment of the density of 
the stream of vapour, dimensions and position of the negatively electrified 
net, potential applied, etc., which is not in practice nearly so easy to maintam 
with the metals now under consideration as with mercury. 

With sodium, then, if the issuing jet is watched with the spectroscope, it 
is noticed that on making the auxiliary circuit the D line is far lesa 
extinguished than the lines of either of the subordinate series. ^ Several 
lines of each of these latter series are very conspicuous in the spectrui»> 

♦ Th« difficulty, mentioned in the first paper, of getting a good jet with calcitim has 
been satisfactorily ovei-oome by using, instead of the quartz tube, a tube of quicklime, on 
which, of course, calcium lias no chemical action. The tubes used were drilled out of fino 
grained marble, and burnt to quicklime afterwards. Only some samples of marble give a 
ooberent quicklime. I btdieve tliat fine grain is the essential, but possibly the presence 
or al)sence of calcium sulphate, or other impurity, may lie important. 
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and so far as could be observed they all suiTered about the same relative 
diminution of brightness. The small, or in some oases even imperceptible, 
effect on the D lines was in marked contrast with this. Indeed the difference 
could be well seen even without the spectroscope, for the greenish luminous 
jet above the gauze became perceptibly yellower when the key making the 
auxiliary circuit was depressed. 

With magnesium the comparatively faint lines 5712 and 5529 were 
observed to be very easily extinguished. Next came the blue iiame line 
4571. The triplet group known as “5” (6183), belonging to the subordinate 
series, was much less affected by the field than any of these. 

In some cases the band spectrum of “ magnesium hydride ” was seen almost 
as strongly as the line spectrum. This spectrum is more easily extinguished 
by the field than the triplet h. The latter is seen on a background con- 
sisting of the bright green band of magnesium hydride. In some experi- 
ments this background was most strikingly cleared away from h when the 
circuit was made, leaving the latter almost unaffected. 

All these phenomena have at times been seen most strikingly. I must 
admit, however, that the exact conditions under which they are best brought 
out are still somewhat obscure. Sometimes it is difficult to get conspicuous 
extinction effects with any of the magnesium lines, and the appearance or 
non-appearance of the magnesium hydride bands cannot yet be controlled. 
The elucidation of these points will no doubt follow with further improve* 
luents in technique, which will make prolonged observation easier and 
diminish the expenditure of time in cleaning, repairing, and recharging 
the apparatus. 

In the zinc spectrum it has been observed tliat the blue triplet (6182, 
4811, 4722) of the subordinate series is distinctly more difficult to quench 
than the lines 6363, 5310, and 4630. Of these latter, the red line 6363 
is much the strongest, and without the spectroscope it can be seen that the 
light becomes bluer on making the auxiliary circuit, owing to relatively great 
diminution of the red l^ne. 

Similar experiments with cadmium did not show any unmistakable 
difference in the extinction of the various lines, though it was suspected 
that the series triplet (6096, 4808, 4682) was less extinguished than other 
lines. 

In the case of mercury, which, to get comparable conditions* was tried in 
the same apparatus as zinc and cadmium, no indication of any difference 
between the lines was observed. 

Two metole, arsenic and antimony, give luminous jets showing band spectra. 
The bands are evenly spaced over a considerable region of the spectrum, like 



102 


Hon. E* J. Strutt. 


the blue and violet bands of an ordinary nitrogen vacuum tube. After many 
attempts, I have failed to observe any extinction of these spectra when the 
auxiliary circuit is made. It would be unwise to build too much on the 
negative result, for I have occasionally encountered experimental Qonditions 
under which the magnesium lines, for instance, were not much extinguished, 
without understanding clearly what was essential in these conditions. 
Upon the whole, however, I have very little doubt that the arsenic and 
antimony sjH^ctra are essentially incapable of extinction in this way. Thus, 
it is natural to assume that the carriers of these particular band spectra are 
electrically uncharged. 

The results obtained in this part of the field are, no doubt, scanty, in com- 
parison with what remains to be done, but they represent a considerable 
amount of labour, and seem to justify the conclusion that the luminous centres 
of tlie principal series in the alkalies are not the same as the luminous centres 
of the subordinate series. This conclusion is independent of whether we 
assume, in accordance with the conclusions which have been drawn above, 
that the centres are excited in the arc, or whether we suppose them to 
be excited by aul)8equent neutralisation. 

The failure to obtain extinction with the band spectra of arsenic and 
antimony indicates that no charged particles are concerned in the produc- 
tion of these sj>eotra, and consequently that in these cases, at any rate, 
the luminosity of the distilled jet cannot be attributed to recombination 
of ions, and must be excited in the arc itself. 

The luminous jets of arsenic and antimony bear so strong a general 
resemblance to those of the other metals that we cannot reasonably refuse 
to extend the same conclusion to the latter. This line of argument against 
the recombination theory of luminosity is independent of that already given, 
and may be considered confirmatory. 

§6. Summary. 

(1) The conducting properties of a luminous jet of mercury vapour distilled 
from the arc in vamio have been examined. The current depends on the shape 
and position of the cathode introduced into the jet, and is independent of the 
position of the anode. In the case where the anode is reached first by the 
stream of vapour, and a net electrode is used as cathode, all the positive 
ions may be taken out of the vapour that passes through the cathode. 
There is saturation of the current in the layer near the cathode. On the 
other hand, recombination proceeds in the rest of the space between cathode 
and anode, for the electric force is concentrated near the cathode, and near 
the anode is not strong enough to take out all the negative ions. 
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(2) The luminosity of the jet is unatfected by tlie removal of negative ions 
at the anode, but is quenched by removal of positive ions at the cathode. 
Although the removal of negative ions in the former case is not complete, 
it is considerable enough to show conclusively that the luminosity is hide- 
pendent of the number of negative ions present. Thus the luminosity is 
not due to recombination of ions. It seems necessary to assume that the 
luminous centres in the jet are survivors of those generated iu the arc 
itself, in spite of the appreciable time (1/1000 second) necessary for the 
vapour to travel down the tube. We must suppose these centres to be 
positively charged to account for their removal at the cathode. 

(3) Experimenting with other metals as well as mercury, it is found that 
the various lines of a spectrum are not, iu all cases, equally extinguished 
when the jet of luminous vapour passes through a negatively electritied 
net. Thus the lines of the subordinate series of the sodium spectrum 
apjiarently all lose intensity in the same ratio ; but tlie 1) line of the 
principal series is much less affected. Thus it is inferred that the luminous 
centres emitting the principal series are not the same as the luminous 
centres emitting the subordinate series. Analogous differences have been 
observed in the line spectra of magnesium and zinc. 

(4) The jets formed by arsenic and antimony, which show bami spectra 
consisting of largo numbers of uniformly spaced bands, are not quenched 
by passing through a negatively electrified net. TJie luminous centres 
appear therefore to bo uncharged in these castes. With the band spectrum 
of magnesium hydride it is otherwise. 
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An Additional Note on the Production of High Permeability 

in Iron. 

By Ehnkst Wilson, Professor of Electrical Engineering, King's (College, 

University of London. 

(Conimunicated by Dr. J. A. Fleming, F.R.S. Received October 24, 1914.) 

The observations recorded in this imper may be regarded as an A])};)endix 
to a former ijaper,"^ elucidating a point which remained unsettled. It has 
been shown that if stalloy in laminated ring form is subjected to a 
magnetising force due to a direct current, and ranging from 3 to 14 C.G.S. 
units, whilst it is cooling through the teinj)erature at which it regains its 
magnetic proj>erties, and is at the same time shielded from the influence of 
the earth’s magnetism, the penneability recovered at atmospheric temperature 
has a maximum value of over 10,000 when the magnetic induction is of the 
order 6000-7000 C.G.S, units. 

It had been shown j)reviouslyt that high values of the permeability 
can l>e obtained without the use of a special magnetic shield, when the 
iron has impressed upon it a magnetising force due to an alternating current, 
during the time that it cools through the temperature at which it regains 
magnetic properties, The authors of this last mentioned paper, however, 
used an ixon tube to inclose the specimen, and the tube itself was heated 
with the specimen. It seemed, therefore, desirable to discover whether these 
high values of the }>ermeability can be obtained when there is no question of 
magnetic shielding. 

In a preliminary experiment a small stalloy ritig, built up of stampings 
0*042 cm. tliick, was placed in a small cast-iron box and heated in a gas 
furnace to the neighbourliood of 800° C. It was subjected to a magnetising 
force of 13 C.G.S. units, due to a direct current, and allowed to cool to 
atmospheric temperature during application of the force. When cold, it 
gave a result in practical agreement with that obtained when stalloy is 
allowed to cool in a special shield ; that is to say, the permeability had a 
maximum value of over 10,000 when the magnetic induction was of the 
order 6000-7000 C.G.S, units. 

A fresh stalloy ring, built up of stampings 0*042 om. thick, was then placed 
inside a small fire-clay crucible. It was allowed to cool as before from about 

* ‘ Boy. Soc. Proc./ A, vol. 90, p. 343 (1914), 

t “ The Annealing of Steel in an Alternating Magnetic Field," by H. Fender and 
R L. JTonee, * Physical Review,’ Second Series, vol. 1, No. 4, April, 1913. 
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800® C., when subjected to a magnetising force of 13 C,G.S. units* and a 
maximum permeability of over 10,000 was again obtained. 

The conclusion is that it is not necessary specially to shield iron from the 
influence of the earth's magnetism in order to obtain high maximum 
permeability by the method of allowing it to cool through the temperature 
jtt which it regains magnetic proi>ertie8, when it is subjected to a magnetising 
force ranging from 3 to 14 C.G.S. units due to a direct current. 

Further experiments have been made with stalloy in the form of straight 
strips 8 cm. long, 1*5 cm. wide, and 0*053 em» thick. Eight such strips were 
taken together to make up a test piece, which was wound with 43 tuins of 
asbestos covered copj)er wire. The specimen was placed inside an iron tube, 
which was sealed at each end with an iron cap, the ends of the specimen 
touching the caps. The whole was then raised to a temperature of almut 
800° C., and allowed to cool inside a magnetic shield during the apiplication 
of a direct current of 8*5 amperes in the magnetising coil. When cold, the 
specimen was lemoved from the iron tube and tested for permeability. The 
improvement was small, and had a})parently disappeared when re-tested by 
the makers at their works. 

The author wishes to thank Sir K. A, Hadfield, F.K.S., and Messrs. Sankey 
and Sons for having furnished material for the purposes of these experiments. 


VOL. XCL— A. 





106 


Address of the President^ Sir William Crookes^ O.il/., at the 
Anniversary Meeting on November 30, 19X4. 

Since the laat Anniversary the Eoyal Society has lost by death sixteen 
iellowB and six Foreign Members. It is my sad duty to express our united ^ 
^sorrow at the loss. 

Sir David Gill— the greatest practical astronomer of our times and a 
'scientific worker of peculiarly high ideals — died in London early in the 
present year after long illness. Sir David Gili/s work as Her Majesty’s 
Astronomer at tlie Cape of Good Hope brought him great distinction. His 
energy was superabundant and his enthusiasm unbounded. Owing to his 
efforts the Observatory at the Cape has become one of the loading observa- 
tories of the world. He attracted a keen band of workers, who were 
encouraged to publish the results of much valuable work achieved under his 
guidance. He also inspired many youngor astronomers, some of whom have 
now come to the front. His keen appreciation of accurate work, his 
engineeiing skill which enabled him to eliminate small systematic errors, 
made his parallax work with the heliometer the high-water mark of practical 
astronomy. His work was also directed to great astronomical problems, 
which he attacked with enthusiasm and persistency. The geodetic work 
which he directed ranks with the great Russian and Indian works. His 
* History and Description of the Royal Observatory, Cape of Good Hope/ 
contains a reiuarkalde record of his wonderful powers of organisation, his 
extraordinary determination in overcoming difficulties, and his self- 
confidence — fully justified by the outcome of his projects. His best known 
researches were on stellar and sokr parallax, and on the determination of the 
mass of tlie moon, and of Jupiter. Gill's single-mindedness and strong 
personality won him many friends and admirers, who sincerely mourn his 
death. 

The death of Prof. John Hkniiv Poynting has deprived the scientific 
world of a physicist to whose work it h difficult to do justice in a brief 
report. Appointed Professor of Physics in Birmingham in 1880, POYNTING 
became a Fellow of the Royal Society in 1888. In 1905 he was elected 
President of the Physical Society, and was awarded a Royal Medal by the 
Royal Society for his researches in physical science, especially in connection 
with the gravitation constant and the theories of electrodynamics, and 
radiation. His determination of the Newtonian constant of gravitation by 
the process known as*' weighing the earth*’ was published in 1891, The ^ 
theorem, known by his name, connecting mechanical motion with electric 
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and magnetic forces is a fundamental generalisation — and his work, both 
theoretical and experimental, upon radiation pressure was hardly less 
important. He proved that a beam of light behaves in all respects like a 
stream of momentum, and he evolved a method of determining the absolute 
temperature of the sun , the planets, and of space. He was the author of a 
well known series of text-books of physics, written in collaboration with 
Sir J. J. Thomson ; he also wrote some interesting popular books on 
Hcientilic subjects. His position as Dean of the Faculty of Science at the 
University of Birmingham brought liim into intimate contact with many 
stmiont.s who will inevitably remember his name with veneration and affection. 
In Prof. PoYNTiNG we have lost a man of delightful personality and remark- 
able originality. 

Prof. Geougk M. Minohik, who died in March, was a man of great versa- 
tility, who won r'enown in more than one branch of natural knowledge. For 
many years he was Professor of Mathematics at OoopeFs Hill Engineering 
College — and he was tlie author of original and widely used works on 
Statics, Kinematics, and Plydrostutics. Ho was a polished writer both of 
prose and verse, and was the master of a clear and graphic style. His pioneer 
experimental work on photo-electricity and selenium cells was begun in 1877, 
when lie discovered that electric (mrrents are produced by the action of light 
upon silver plates coat/cd with emiil8i(»n8 of bromide or otlier silver salt; the 
cells lie called ''impulsion colls,” which liad their Rcusitiveness to light 
altered by slight impulses or taps, embodied the principle of the coherer 
used for the reception of the Hertzian waves. He afterwards observed 
that similar results could be obtained by using two selenium-coated 
aluminium wires dipped in certain solutions ; and in 1908 he described, in 
a communication to the Royal Society, further researches on new forms 
of the photo-electric cells, and on " Beleuo-alurainium bridges,” which con- 
sisted of two aluminium plates separated by a thin flake of mica, and 
having a layer of sensitive selenium across one end of the mica and the 
adjacent portions of the aluminium plates. He used his cells to obtain 
measurable electromotive forces from the light of stars, and thus deter- 
mined the relative intensity of the light of some of the fixed stars and 
pl«^net8» The results of his investigations agreed closely with those of 
photoznetric measurements of stellar magnitude. When Cooper's Hill 
College was closed Prof. Minohin went to live at Oxford, where he remained 
until his death. He was elected a Fellow of the Royal Society in 1895. 

The death of Sir Joskph Wilson Swan in his 86th year has deprived the 
scientific world of a distinguished investigator— and me, personally, of an 
intimate and valued friend. Sir Joseph Swan had a mind of extraordinary 

K 2 
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fertility of invention. At the ftame time he wob endowed with an unusual 
amount of bueinesH (sapacity — a fortunate combination of qualities rarely 
found. 

In his young days he was specially interested in photographic research. 
He was the discoverer of the first commercially practicable process of carbon 
printing, which he patented in 1862. He discovered the method of making 
extremely rapid dry plates, which revolutionised photography ; and he also 
invented and patented the bromide printing process. Another field of 
research in which he won renown was the application of electricity in 
illumination. As early as 1860 he had cotistructed an electric carbon 
filament glow-lamp, which he subsequently improved, finally arriving at 
the form which, until quite recently, was universally used. He discovered 
a valuable method of rapid deposition of copper, and also devised improve- 
ments in the construction of secondary balterie.s. His distinguished services 
to Science were recognised by the Royal Society, which elected him to its 
Fellowfllup in 1894, and 10 yearns later awarded liim the Hughes Medal, by 
the Society of Chemical Industry, which bestowed upon him a gold medal, 
and by the Royal Society of Arts, which awarded him the Albert Medal in 
1904. By his discoveries and inventions Sir Joskph Swan did much to 
benefit what we perhaps mistakenly call civilisation *’ ; the practical value 
of his investigations, more particularly in the applications of electricity, is 
unequalled in the history of Sciena^. 

l)r. Geokge Jamks Bukoh, who had been elected a Fellow of the Royal 
Society in 1900, passed aw^ay in March this year. Dr. Bukcii for many years 
was 1‘rofessor of Physics at University College, Reading; he was also a 
University Extension Staff Lecturer at O.xford — where he lived. His early 
investigations were connected with electro-physiology, and he discovered a 
method of analysing electrometer curves, a description of which he published 
in 1890. His later years were devoted to the study of the physiology of 
vision ; he published an interesting memorandum on Sight Tests, as well as 
a hook describing the practical work done under his dilution at the 
Physiological laboratory at Oxford. In this book the highly original tests 
and exercises he evolved were described. His knowledge of visual physiology 
was unique, and lie acliieved an eminent d^ree of success in the subject 
which he made Bi)ecially his own. In his keen prosecution of resoai‘oh he 
was vuisparing of .strength and energy ; it is said that in order to study 
colour-blindness lie made himself temporarily colour-blind by exposing his 
eyes to the sunlight in the focus of a burning glass behind different coloured 
glosses. 

In February the death occumnl of Houaok Bolinguuokb Wodowaui?, who, 
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from 1867 to 1908, ha<l taken an active )mrt in the (reological Survey. He 
was in charge of the work in England and Wales for the last seven and 
u-half years. WooowARn's knowledge of British geology, and especially of 
stratigraphioal geology, was profound. He published many memoirs on 
geological subjects, and he was the author of a valuable and original work 
on the Geology of Enghuid and Wales. He l>ecaine a Fellow of the Royal 
Society in 1896, and served on the Council of the Geological Society for 
eeveral years, being Vice-President from 1904 to 1906. He was aii inde- 
fatigable worker and his writings were cliaracterised by the great stress he 
laid u]K)n accuracy in the minutest detail. He also had a gift for writing 
in an interesting and non- technical style which made a ajH^iial appeal to 
the general reader. Although lie was forced to retire from the Geological 
Survey some time before bis deatli, be continued his literary work as long as 
strength would allow— and almost to the very end of his life he was engaged 
in preparing the statistical part of a Survey Memoir on Water Supply. His 
many friends, and especially those who were associated with him on the 
Survey, will long remember him with grateful affection for the help and 
sympathy he willingly lavished, and for the example he set of untiring 
industry and entlmsiasm. 

Dr; Albert C\ L. G. GCntiirr had a distinguished career as a zoologist, and 
the progi'ese of the science owed much to his investigations. He was 
appointed Keei^er of the Dejiartment of Zoology of the British Museum in 
18u7 — under hia charge the department was brought to a high state of 
efficiency. He published many communications in tlie * Plulosophical 
Transactions ’ and the ' Proceedings * of the Zoological and Linnean Societies, 
and he founded the ‘Record of Zoological Literature,' editing the first six 
volumes. In 1878 he received a Royal Medal from the Royal Society for his 
work in zoology and especially for hie lesearches in herpetology and 
ichthyology. 

The death of Dr, Waltku Holbrook Gabkkll in the full tide of his powers 
is a heatvy blow to his friends and a great loss to the scientific world. 
Dr. Gaskbll exercised a powerful influence upon the development of 
physiological science. His early research work in physiology was inspired 
by Michael Foster and by Karl Ludwig of Leipzig. His work upon the 
tnechanisni of the beat of the heart was that of a pioneer of great originality 
and intrepidity. His investigations of the sympathetic nervous system were 
of fundamental importance, and his generalisations were far-reaching and 
based upon keen observational powers. His views upon morphological 
questions were original and in some respects at variance with those of other 
authorities. His later years were spent in accuinulatiiig material in support 
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of hie theorien and in expounding them in fuller detail. He was a keen and 
vigorous worker in physiology. He can ill be spared and bis loss will long be 
severely felt. 

The death of Dr. PuiLie Hknuy Pvk-Smith after a long and busy life 
occurred in May, Owing to ill-health he passed the latter years of his life in 
retirement. He will be greatly missed by the wide circle of friemis and 
nequaintances who were attracted by his geniality and kindness, his wide 
interests and profound knowledge. He led a life of great public acti\dty, and 
received many honours from Scientific Societies and Universities. He served 
on the Council of the Eoyal Society in 1891-92 ; besides hi,s work as 

physician to Guy's Hospital, he found time to edit Fagge's work on the 

‘ Principles and Practice of Medicine.’ He also published many papers on 
medical subjects. He was one of the gi’eat authorities upon skin diseases, 
and was keenly interested in the history of Medicine. He was aii admii'alile 
lecturer ; countless students have reason to be grateful to him for his (careful 
training and his insistence upon the importance of accurate observation and 
cautious deduction. 

Geological science suffered a severe loss in the denth, in August, of Alfuko 
dOHN JiJKKS- B rowne. At the end of a successful University career at 
Cambridge, where ho did excellent work under Prof. T, G. Boimey, J^kks- 
Brownk joined the Geological Survey. Afterwards he specialised in the 

palieontological jioties in English chalk strata. He also investigated the 

oceanic deposits of Barbados, ami he was the author of highly successBil 
and widely used text-books on general Geology. He received the Murchison 
Medal of the Geological Society in recognition of his valuable services. 
Althougli severely hampered throughout the greater part of his life by 
ill-health, and for the last twelve years forced to live a secluded and quiet 
life, his work will long survive, and his name l»e rememtered as that of one 
of the most distinguished geologists of his day. 

In the Eight Hon. Joseph CHAMiiEKLAiN and Viscount Cross the Eoyal 
Society has lost two distinguished members. They put forth no claim to be 
regarded as scientific specialists, but each was inspired to turn some page of 
" Nature’s infinite Book of Secrecy.” 

Tlje narrative of the career of Sir John Murray, who also died this year, 
is full of interest and romance. Owing to his tireless activity and his strong 
individuality, he was responsible for an amount of brilliant work hardly 
equalled by that of auy other investigator in the same sphere. His early 
scientific training, during which he refrained from specialising in any 
particular branch, but studied all subjects which interested him, laid the 
foundation of his extraordinarily wide knowledge. His adaptability and 
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resource were qualities which were invaluable to his colleagues upon the 
Challenger ” Expedition, to which he was appointed ISTaturalist. He proved 
himself to be a remarkably acute observer, of strong deductive powers and 
sound judgment : he had the courage of his convictions and was never chary 
of attacking established views when he believed he could prove them to be 
incorrect. His theory of the origin of Coral islands, which after much con- 
troversy was finally almost universally accepted, was from the geological 
point of view revolutionary. His investigation of the fresh-water lochs of 
Scotland is a remarkaV)le piece of work. He was keenly interested in the 
exploration of the Sea, and made many voyages on his own yacht for the 
purpose of oceanographic investigation. He had a strong business instinct, 
and although throughout the whole of his long career he was deeply 
itnbiiod with a love of Kesearcb for its own sake, lie was always capable of 
quickly j>erceiving the commercial applications of his conclusions. TJ]>on 
several occasions he gave valuable practical advice to the Government. 

The late Lord Stuathoona and Mount Boyal — elected a Fellow of the 
Koyal Society in 1904 — will long be remembered as one who gave his whole 
life and all his |)Owers to the extension of the British Empire and the 
strengthening of the bonds of its union. His indomitable courage in the 
early dangerous and difficult days which he spent in Labrador and on 
the shores of Hudson's Bay, his foresight and detoriniaation in carrying out 
the project of the Canadian Pacific liailway, admirably revealed the temper 
of the man. The memory of his splendid patriotism and generosity will live 
long after him. 

In June the death occurred of Joseph Eeynolds GRKriiMp active 
worker in physiological and botanical research and a prolific writ^ on these 
subjects. He made a special study of enzyme action, and was the discoverer 
of lipase in the germinating seed of the castor-oil plant. His writings are 
characterised by great lucidity and accuracy, and bis contributions to 
botanical science are of considerable importance. 

Another name must be added to the heavy list of losses sustained by 
science during the past year — namely, that of Alexander Eoss-Olarkr, in 
charge of the Trigonometrical Oj.)erations of the Ordnance Survey from 1 854 
tio 1881, and whose knowledge of geodesy was unsurpassed by that of any 
man of our time. His genius for mathematical calculation excites keenest 
admiration ; his treatise on * Geodesy ' is universally admitted to be the best 
book on the subject. 

Among the Foreign Members of the Boyal Society whom death has 
recently removed from our midst are Dr. Weir Mitchell, Prof. L. Hermann, 
Prof. A, Wkismann, Dr. H. Kroneoker, Dr. 6, W. Hill, and Prof. E. Sukss. 
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Dr. BihAH Wbik Mitchkll dif^d in January last in his eighty-fifth year, 
his mental and bodily vigour continuing to the end. He was one of the 
foremost neurologists of the day, and his numerous books on nervous 
diseases made his name a household word in the profession. Moreover, he 
achieved a remarkable success in the domain of fiction, some of his novels 
taking a foremost j)]ace. 

Prof. Ludimar Hermann, of the University of Konigsberg, was the author 
of the ' Hoiidbiioh der Physiologic/ and for many years was Editor of the 

• Jahresberichte fiber der Fortschritte der Physiologie/ 

Prof. August Wkismann, of the University of Freibuig, received the 
iMrwin Medal of the Eoyal Society in 1908. He contributed largely to tlie 
study of Evolution and was one of the earliest writers in support of tl»e 
Darwinian theory. 

Dv. Kkoneo-kku was a tireless worker in physiology. His researches at 
the Berne Physiological Institute won for him a truly world-wide reputation. 
He was the author of valuable monographs upon the physiology of the 
muscles and nerves. 

The death of Geouge William Hini^ removes from our midst one of the 
leading exponents of nineteenth century Celestial Mechanics. The two 
jiapers which contained his chief researches in the Lunar theory have, at 
the hands of Poiucarii, Sir George Darwin, and others, created a new method 
of treating Lunar problems, and have also led to the formation of a new 
theory and tables of the Earth’s moon. The theories of Jupiter and Saturn, 
with tables for thes§ planets — which he completed in 1892 — have superseded 
all previ<(||^l||prk. His papers in four volumes are published by the Carnegie 
Idastitute hf Washington. He possessed unusual intuition — another name for 
genius — into the possibilities of the subjects he treated, and the originality of 
his methods was one of their most distinctive features. 

Prof. Eouard Sukss was a geologist of great eminence, whose position 
amongst exponents of the science was unique. His monumental work on the 

* Face of the Earth ’ has been aptly described as the culmination and crown 
of the geology of the nineteenth oentury. It was SUBSS who brought together 
and collated the observations of all who have studied the form of the earth, 
and in addition much original work in both stratigraphioal and paheontological 
geoU^y was duo to him. 

Probably at no time in its history has the financial responsibility of the 
Eoyal Society been more perplexing than it is to-day. At the last Anni- 
versary Meeting the President, Sir Archibald Qeikie, referred to the annual 
exjjenditui’e on the National Physical Laboratory. He j^ointed out that should 
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there l)e any serious falling off in receipts^ — such as might be caused by an 
interruption or stagnation of industrial enterprise — there would necessarily 
be a serious dedcit, and that it would be impossible promptly to reduce the 
working expenses — at that time met by the receipts. 

The financial strain foreshadowed by my predecessor has now befallen us. 
It is, however, to be hoped that, in view of the national character of the 
Lal>oratory, of the great services which it is rendering to the nation — services 
wlxicli are of extreme importance at the present crisis,— the Government 
may see fit to come to our assistance, so as to enable the Society to continue 
the work of this great Institution — a work which the Society's own resources 
will not enable it to do in existing circumstances. Those resources must of 
necessity have a great strain thrown on them in other directions, for we have 
now to face heavy liabilities in connection with our own ‘ Catalogue of 
Scientific Papers (1880-1900)' aiid the preparation of the Mnternational 
Catalogue of the Scientific Literature of the Present Century/ On the 
foundation of the latter, the Society undertook to he res})onsible for the 
completion of the former. The cost of this has, owing to tlm vast increase of 
scientific literature at the close of the last century, proved to be largely in 
excess of the sum provided for its production, mainly by the generosity of the 
late Dr, Ludwig Mond ; and thus the necessary funds have had to be 
supplied by the Society itself, as at the present time it would be out of the 
question to appeal for further donations for this object. On the other hand, 
while it is certain that, owing to the World upheaval, a large part of the 
subscriptions from Continental nations, by which the cost oT the jjj||duction 
of the International Catalogue is defrayed, will not be fortheSj™ the 
Society remains liable for the expense of the issue now in course or^blica- 
tion — an expense which must be large. 

At the time of our greatest need we are confronted with the possibility of 
a serious diminution in income. The strengthening of the hands of our 
Government has rightly been regarded as having the first call on those in a 
position to render financial aid. Like every private individual the Eoyal 
Society must limit its exf>enditure and practise economy. On the other 
hand, we have imxwative responsibilities and a duty to the nation which 
cannot be shirked. We dare not allow ourselves to slacken in our devotion 
to Eesearoh — but the fact remains that our need of money is greater now 
than ever. Our special object is to vivify and stir the spirit of philosophic 
inquiry and of scientific glory, at a moment when another kind of ” Glory " 
tranafixes the whole of the civilised — or shall we say uncivilised — world. I 
will quote from Sir Humphry Davy’s discourse on the ocoasion of his taking 
the Chair of the Eoyal Society for the first tiipe in 1820: — “Let us then 
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laliour together ami Hteadily endeavour to gain what are perhaps the noblest 
objects oI‘ ambition — acquisitions which may be useful to our fellow creatures. 
Let it not be said that at a period when our Empire was at its highest pitch 
of greatness, tlie Sciences began to decline ; lot us ratber hope that posterity 
will find in the * Philosophical Transaotions ’ of our own days proofs that we 
were not uuwortliy of the times in which we lived ” Science ought to l)e one 
of the groat bonds of union and peace between Nations, Surely it would be 
a disaster to the whole world if the usefulness of the Eoyal Society were to 
\)e restricted by mere lack of funds. Many enquiries of vast importance 
liave not i^eceived the support they deserved from the Royal Society solely 
owing to want of funds. To-day money is diverted to other urgent uses. It 
is nothing short of scientific tragedy that learned Societies are for the 
moment overlooked. It is the duty of those whom Davy spoke of as having 
been Jionoured with the rank of Generals in the army of scientific workers, to 
keep before the eyes of the public the urgent need of money for Science, and 
the colossal importance of scientific work for the welfare of the nation, We 
are emphatically the Trustees of the Future. 

At a time like the overwhelming present, when our existence is at stake, it 
lielioves those of us who cannot actively share in the great upheaval to take 
stock of our position among the nations of the civilised world. It is our duty> 
without morbid regret for the post, or craven fear of the future, to think of 
our own aims, and to reflect upon the aims of our adversaries as far as we are 
able to understand them. 

In lg9G the' Eumford Modal of the Society was given in duplicate to 
Prof. and to Dr. Philipp Lenard, Professor of Physics at Heidelberg. 

Prof. JBntgen is stated by a Berlin paper not to care to retain his Medal and 
has given it to the lied Cross. Dr. Lenard is credited by a Gtirmau paper 
with the following savage outburst : — - 

Down, thtm, with all considerations for England’s so-called culture. The 
central nest and supreme academy for all hypocrisy in the world, which is on 
the Thames, must be destroyed if the work is to be done thoroughly. No 
respect for tlie tombstones of Shakespeare, Newton, and Faraday ! ” 

The recent manifesto of the German Professors is a monstrous utterance^ 
and in the w^ords of a German paper is a grave symptom of national 
insanity. 

Beading l^etween the Hues I think we may see that the signatories 
recognise they have been betrayed by facts, and they are forced to make an 
appeal to theory. So also we believe they will find their reliance on brute 
force is doomed to end in failure. On tlie other hand, we look beyond the 
** Sacrifice of blood and treasure” to the vindication of an idea, the 
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esUbliBhment of a principle* The dignified reply of the English scholars to 
the manifesto of the (lerumn intellectuals is confined to a recital of facts. 

The united universities of France have addressed to the universities of the 
neutral nations a noble and imposing document in which the claims of 
Germany arc answered in a manner beyond all (piestion. 

The Koyal Society is always cosmopolitan in spirit, and we should be 
unworthy of our heritage could we not, even at this desperate moment, take 
a diBpa^SHionate view of events, and preserve k well-balanced and rational 
attitude towards our contemporaries of German nationality. 

Gur senior Honorary Secretary, Sir John Bradford, whose absence we 
greatly regret, has recetitly gone to the front as consulting physician to the 
forces. Wc are glsd to congratulate him on filling a position of such vital 
service, and we wish him sticcess in the .strenuous work certain to fall to 
Ins lot-. 

The report of our Council gives a full notice of important events of the 
past year. But there are some results of investigations to which I call 8j)ecial 
attoition. 

The work of Prof. W. H. Bragg and his son, W. L, Bragg, on the application 
of X-rays to crystal structure form a splendid ''first fruits” of an entirely 
new field of crystallographic research. Mr. H. G. T. Moseley has recently 
studied idiotographically the X-ray spectra of many of the elements, and he 
furnishe.s some very interesting results i-elating to the connection between the 
spectrum and the atomic number of the element. 

In the Bakerian Lecture on Series Liiie.a in Sj>ark Spectra, Prof. A. Fowler 
has a direct bearing on the constitution of the atom — confirming the 
theoretical work of Dr. Bohr. The peculiaritie.s of the series of new lines 
produced by passing strong discharges through helium tubes containing 
hydrogen as an impurity led to the search for other series of similar 
character, and experiments were performed with magnesium, calcium, etc., 
in which many new enhanced lines were obtained. It is interesting to 
notice tliat Bohr's theoretical formulsc for hydrogen and helium agree closely 
with the observed facts ; if his formulee are adopted, the mass of the hydrogen 
atom in terms of the electron is 1836 + 12. 

The subject of the constitution of the atom has come into extreme pro- 
minence — great advances have been made — while much light has been thrown 
on the ultimate structure of matter. Yoaiti ago, during the persistent- and 
systematic fractionation of yttrium, I explained that I had succeeded in 
separating the atoms of the so-called element into groups ; these groups 
undoubtedly exhibited diffei;ent phosphorescent spectra and presumably had 
different atomic weights — although from the chemical point of view all the 
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groups behaved similarly. I concluded that, of the lines and bands of tlie 
compound spectrum of an element, some ai’e furnished by certain atoms and 
some by others. I pointed out that this was not likely to be an isolated 
case ; that probably in all so-called elements the whole spectrum does not 
come from all the atoms— that different spectral rays come from different 
atoms, which may l>e interpreted to mean that there are definite differences 
in the internal motions of the several groups of which the atoms of a 
chemical element consist, f ventui'ed to suggest a possible explanation of 
these facts, based on the assumption that acting on the original protyle werc^ 
two forces — one of the character of Time, accomi)anied by a lowering of 
temperature, while the other, swinging to and fro like a j^endiilum, and 
having periodic cycles of ebb and flow, rest and activity, would Ini intimately 
connected with the force of electricity. 1 arrived at a presentation of the 
elements on a lemniscatc path which seemed to me to throw some light 
on the question of their genesis. My researches seemed to show that 
the pfirsistouce of the ultimate character, the eternal self-existence, the 
fortuitous origin of the chemical elements, could no longer be regarded as 
satisfactory. 

Apparently bodies exist which possess close n})on the same atomic weights 
and combine in definite pro]>ortions with other substances and yet exhibit 
certain minute differences. For these substances, whicii are capable of being 
isolated and identified, I suggested the name meta-elements.** Thus there 
a))pearH to me to be a gradation of molecules of different ranks between the 
-atom and the compound — and these aggregations of atoms in certain circum- 
stances inight well pass for simple elementary bodies. 

Tn recent years the old idea of the ultimate atom as a solid particle, 
spherical or otherwise, has slowly, almost imperceptibly, given way to the 
more rational conception of a minute planetary or “ Siiturnian ** system of 
dazzling complexity ; the conception is many minded, aided here md there 
by facts that failed to fall in with the old lines ol’ thought. Among the 
most prominent men through which the new conception has come to light, we 
have Kelvin, Stoney, Thomson, and, more recently, headed by Sir Ernest 
Ruthei’ford, a host of vigorous workers in the new scienai of radio-activity, 
who have built up a conception of atomic physics often ‘^hard to be under- 
stood,” but that probably is a move in the right direction. Sir Ernest 
Rutherford supposes the atom to be composed of a nuclear positive charge, 
exceedingly small compared with the sphere of action of tlie atom, and 
consisting of a number of unit charges. Surrounding this imcleus is an 
external shell in which a number of separate negative eteetrons are 
distributtKl. Prof. Soddy — whose name is closely associated with tluit of 
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Sir ErneBt Eutherford — in one of the earliest workei’s in radio-activity, and 
has developed a theory of the eheiniatry of the radio-elemente based upon the 
I>eriodic law and a modified form of lemniacato spiral where the existence of 
elements having slightly different atomic weight but identical chemical 
properties are set out Those “ isotopic *' elements occupy the sauic place in. 
the Peri(xlic Table. He Ims tlms arrived, by a totally different path from the 
one I travelled, at the concejttioii of an element having atoms of different 
weight though chemically identical. The theory has recently received soiue* 
confirmation by the analyses of the lead that is found in the minerals pitch- 
blende, thorianibe, etc. In my own laboratory a spectroscopic examination of 
the lead from Cornwall pitchblende has shown traces of thallium not found in 
pure assay lead ; the unexpected presence of this element may have some- 
]»earing on the slightly different atomic weight values recorded for the lead 
extractetl from the radio- minerals. 

Without risking a charge of being unduly optimistic I think I may believe 
we are on the brink of striking developments in our kiuiwledge of the- 
structure of the elusive atom. Whatever may l)e the outcome of researches 
now prosecuted with so much zeal and success, I feel that Addison was- 
speaking with the V(n(3e of prophot.ic Truth when, more than a hundred years 
ago, he said : ** Kvery atom is a standing miracle and endowed with such 
qualities as could not l)e impressed upon it by a Power and a Wisdom lesa 
than infinite/' 


Mkoals, 

With ^reat pleasure I aiitiouiiee that the Copley Medal this year is awarded 
to Sir Joseph John Tliouiaon, iu recognition of the value of his rosearohes iu 
Physical Science. His early work in the investigation of electrical phenomena 
showed he possessed a high degree of experimental ingenuity and skill : by 
Ills study of the passage of electricity through gases he elucidated the nature 
of the negative electrmal particles, thus providing an experimental basis for 
the atomic theories of tlie nature of electricity. His treatise on the Conduc- 
tion of Electricity through Gases won for him a world-wide reputation as a 
physicist— to which subsequent work has added. To him is due the investiga- 
tion of the nature of the positive carriers of the electric charge ; his method 
of positive ray analysis puts a new and extraordinarily valuable tool into the 
hands of investigators. His experimental work has always been controlled 
and oonfinned by theoretical considerations ; his work at the Cavendish 
Laboratory at Cambridge has greatly extended our knowledge of the structure 
and rtaiure of matter. 
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The two Koyal Medals annually presented by the King have — with His 
Majesty's approval — been assigned to Prof. E. W. Brown and Prof, W. J. 
Sollas. Prof. E. W. Brown, who now occupies the Chair of Mathematics at 
Yale University, devoted liimselt for many years to the study of the mpve** 
merits of the moon : and by incredible industry seven years ago he brought 
to a sriccessful conclusion hia investigation of this fundamentally important 
practical problem. He has recently further studied some phenomena which 
known gravitation causes do not explain, and he has extended his investiga- 
tions to the General Theory of Orbits. His work in dynamical astronomy 
lias been remarkably fruitful, and doubtless the years to come will add lustre 

his already brilliant zeputation. 

The Eoyal Medal — awarded to a worker in Biological Science — tliis year 
tias hem conferred on Prof. Sollas, who is a pioneer in many fields, and has 
made many vahiable contributions to our knowledge of geology, mineralogy, 
xoology, and ethnography. His monograph on Sponges is a classic on the 
subject. He has perfected a method of obtaining transverse sections of fossil 
organisms and thus he has obtained a knowledge of the structure of certain 
flizecimens which long have been the subject of dispute. We hope that 
Prof. Sollas will have many opportunities of extending his investigations 
which already have borne so much valuable fruit. 

The recipient of the Davy Medal is Prof. W, J. Pope, wlio has made highly 
important discoveries in stereo-chemistry, and whose work has thrown much 
light ui>on the relation’ between chemical constitution and crystalline 
structure. In collaboration with Profs. Perkin and Wallach Prof. Pope has 
published the results of many experiments dealing with the isolation and' 
investigation of optically active compounds of nitrogen, tin, selenium, and 
sulphur; he explains their activity by supposing that the radicles in the 
active compound are tetrahedrally arranged round a central atom as in 
carbon compounds. With Prof. Barlow he has more recently been engaged 
in the establishment of a theory dealing with the connection between 
Crystalline structure and chemical constitution. He has succeeded in repro- 
ducing the crystalline form of most substances of known composition, basing 
his work upojn the assumptions of his theory — the experimental and theo- 
retical results show a remarkable concordance. He lias further su^ested a 
theory of valency volume " which is Jewing to important developments in 
the investigation of atomic volumes. 

The Eumford Medal is awarded to LordEayleigh, in token of the Council's 
appreciation of the mathematical and physical work associated with his 
name. Lord Eayleigh has, perhaps, done more than any scientific man 
living to stimulate research ; his work in the sciences of Heat and Badiation 
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has paved the way for remarkable advances, both theoretical and experi- 
mental, The Copley Medal was pven to Lord Bayleigh in 1899, but the 
Council wish to offer him some further mark of their recognition of the great 
value of the research which he still continues to pursue with such conspicuous 
success. 

The Hughes Medal is this year conferred upon Prof. J. S. Townsend, of the 
University of Oxford, for his work upon molecular conduction in gases, aiul 
upon the nature of the disruptive discharge. Prof. Townsend has made a 
brilliant investigation of the phenomena of conduction by the ionisation of 
gases by means of Kbntgen and similar radiations, The study of the diffusion 
of tlie ions of gases led to very important conclusions about the size and 
nature of gaseous ions — and the theory of ionisation has been greatly 
extended by Prof. Townsend's work. 

The Darwin Medal this year is awarded to Prof. Poulton, in recognition of 
the value of his researches upon the curious phenomena of mimicry and 
protective resemblance in insects. Prof. Poulton has brought together a vast 
number of facts which confirm Darwin*KS theory on the subject, and ho has 
recently devised and organised a remarkalile series of breeding experiments 
with species of insects in order further to test his conclusions. 
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Spectroscopic Investigalions in Connection with the Active Modifica,~ 
tion of Nitrogen. IV .* — A Band Specinrum of Boron Nitride. 

By WiLFUEi) Jkvons, A.R.C.Sc., D.I.C., B.Sc. 

(Communicated by A. Fowler, F.R.S. Received October 23, 1914.) 

[Plate 2.] 

ItUrothidary, 

Last autumn Prof, Strutt observeci that the vapour of boron trichloride, 
when admitted into the afterglow of active nitrogen, developed a band spectrum, 
whicli he photographed with a quartz spectrograph of small disiiersion. It 
seemed liJcely that this result might be of interest in view of certain facts 
already established in connection with compounds of the chemically related 
elements carbon and silicon, namely, that the interaction of carbon compounds 
and active nitrogen developed the cyanogen bands, f and tlmt the vapour of 
silicon tetrachloride in the afterglow gave rise to a band spectrum of silicon 
nitride.J Prof. Strutt, therefore, invited me to continue the boron experi- 
ments with a view to tracing the origin of the new system of bands, and 
determining the numerical relations existing in it. 

The remarkable scarcity of boron lines lends additional interest to any new 
work on the spectroscopy of boron as a possible means of detecting hitherto 
unrecorded lines, or of eliminating others formerly attributed to boron. In 
this connection Sir William Crookes§ has shown that the boron lines are only 
three in number, viz., X 3451*50, X 2497*83, X 2496*89 (Eowland scale), and that 
some Hnesll observed by Eder and Valenta and others were due not to boron 
but to impurities. 

The new bands have been attributed to the nitride of boron for reasons 
which will appear in duo course. 

Mxperwmitat, 

In order to render a detailed examination possible, the 6i>6ctrum was 
photographed with instruments giving greater dispersion than that employed 

* I, A. Fowler and R. J. Strutt, ‘Roy. Soc. Proc.,' A, voL 85, p. 377 (1911); II, 
A. Fowler and R. J. Strutt, ‘ Roy. Soc. Proc.,^ A, vol. 86, p. 105 (1912) ; III, W. Jevon», 

* Boy. Soc. Proc.,’ A, voi, 89, p. 187 (1913). 

f II, p. 112. 

i HI, p. 192. 

§ * Roy. Soc. Proc.,’ A, vol. 86, p. 36 (1911). 

II Kay«er, * Handbuch der Spectroscopie,’ vol. 6, p. 137, 
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by Prof. Stmtt. This, of course, ueoessitated longer exposures. The arrange- 
iheut of a pair of aspirator bottles and a xnusHn bag of chopped phosphorus 
described by Prof. Strutt*** for storing and purifying the nitrogen had been 
found in previous spectroscopic work to be somewhat inadequate for these 
long exposures. After the aspirator had been emptied of its pure nitrogen^ 
it was necessary not only to inten’upt the exposure for the process of refilling 
from a commercial nitrogen cylinder, but also to wait some time afterwarda 
for the fresh gas to purify by standing in contact with the phosphoins before 
resuming the exposure. 

In the present work, therefore, Prof. Strutt's holder was duplicated ; two 
pairs of aspirators with bags of phosphorus were arranged on the same 
carriage, with a single drying tube and a suitable arrangement of glass taps, 
so that a flow of pure nitrogen could be maintained for any length of time, by 
using the two halves of the arrangement alternately. In the meantime, the 
half not in use was shut off and refilled from a cylinder, and ample time waa 
allowed for the purification of the gas. The dual holder thus presents many 
advantages over the single arrangement for spectroscopic investigations. The 
remainder of the afterglow apparatus was exactly the same as that previously 
employed. 

The first experiments of the new series were confined to the interaction of 
boron trichloride and active nitrogen. The trichloride is an exceedingly 
volatile, colourless liquid, boiling at 18® C., and iuming strongly and decom- 
posing on exposure to the atmosphere. A sample was supplied by ProL 
Strutt, and the remainder prepared in the Chemical Department of the 
Imperial College, It was made by passing chlorine over heated amorphous 
boron, and collected in a vessel cooled in a freezing mixture and containing 
mercury (to remove excess of chlorine). The product was finally purified by 
fractional distillation. 

On the introduction of the vaporir of the trichloride into active nitrogen, a 
very pale blue-green glow is produced, the colour being readily distinguishable 
from the vivid green of the boron flame so well known in chemical analysia 
The spectrum of the glow consists of the new system of bands, the three boron 
lines, and bands of impurities, namely, nitrogen and oyanc^n. 

The New Bands, 

The new bands degi*ade throughout to the leas refrangible side, and are 
quite distinct from the headless, wavy bands (Plate 2, strip 1) observed by 
Others and tabulated by Kayser under the title of oxide apectrum.f The 

♦ *Boy, Soc. Proa,* A, vol. 88 , p. 589 (1813). 
t ‘ Handbuch der Spectroscopie,* vol. 5, p, 138. 
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oxide bands oonsiat of alternatei indefinite maxima and minima occurring at 
or near X639, 620, 603, 580, 545, 618, 493, 471, 462, llie new spectrum 
extends over a very large range, namely, from the red to the region of the 
shortest wave-lengths conveniently investigated with a quartz spectrograph. 
A general examination of plates taken with a larger quartz instrument 
showed the existence of two principal systems of bands. One of them, in 
the ultra-violet, is a very complex system in which some of the bands appear 
to have double heads on account of the overlapping of different constituent 
series (Plate 2, strips 5 and 6). The other, occupying the visible part of 
the spectrum, is of comparatively simple structure, and consists of prominent 
bonds with double heads (Plate 2, strip 4). As the disj)er8iou of the quartz 
instrument is comparatively small (25 — 50 A.U. per millimetre) in the visible 
region, for study in further detail this portion of the spectrum was photo- 
graphed with a Littrow prismatic spectrograph, the dispersion varying from 
about 8*5 A.U. per millimetre near X 4000 to 40 A.U. per millimetre near 
X 6500. 

The heads were measured with regard to an iron comjwisou as far as 
X 2330,* beyond whioli point the copper arc was employed as the comparison 
spectrum. No measurements have been made of the structure lines of any 
of the bands. 

The LeM lUfrangihle System (a). 

On the larger dispersion photograi)h8, not only do the less refrangible 
bands appear double as stated above, but each of the component heads, A and 
B, is itself a close doublet (Plate 2, strips 2 and 3). Thus a typical band 
in this region may be said to have four heads, Ai, A®, Bi, Ba. In the case of 
Ai and Ei the structure lines fall off very rapidly in intensity as their 
distances from the head increase. Aa and Ba, on the other hand, have series 
of structure lines which are easily resolved on the photographs, and persist 
in intensity for considerable distances from the heads. These features may 
conveniently be represented diagrainmatioally, as in the figure, the heights and 
sloj>es of the curves indicating roughly the variations of intensities of the 
lines throughout the band. 

From Table I, giving the results of measurement of this system, it appears 
that, in the first place, the two doublets Aj-Aa, Bj-Ba of ea<A band have 
the same interval on the wave-number scale, and this interval is constant 
throughout the system. The measured intervals vary between 11 and 15, 
the mean being 13. The discrepancies are attributable to the extreme 

* The head of Muallest wave-length measurable by Burns’ Iron Arc Standards 
(‘Xeitech. f. Wiea. Photog.,’ voJ. 12, p. 219 (1913) j ‘hick Obe. Bull,’ vol. 8, No.v24T 
(m3)). 
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difficulty of taeasuring a close pair of heads with precision. The difficulty 
is enormously greater in tho case of bands than of lines. Secondly, the 


^ A, as. 



component doubletB of a band are also ecpially separated throughout the 
system within the limits of ormr of measurement* the mean separation, 
Aj-Bi, being 124. 


Table 1. — The Less Kefraiigible System (a). 
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Table I. — The Less liefrangible System {«y—eoniitaud. 
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Table Il.^The Lees Refrangible System («), Wave*numbera of Heads Aa. 


p.. 

.... 79 


78 


77 


76 


76 

74 

61 

23660 

1239 

1861 

21789 

1289 

1888 
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1818 
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69 
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24244 
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18801 



1196 

68 27209 


1172 

67 28471 

1167 

66 29626 

• Band not developed, 
t Masked by CN bands (x 3883 gmup). 

X Keeble, confused by structure lines of strong band from Bj « [22907] . 

The wave^numbors in brackets are estimated values. 

In the discussion of the distribution of the bands it will therefore 
be suftioieut to consider one — say, Aa — of the four heads of each band. 
Table II shows the wave-numbers of the heads Aa arranged in groups 
similar to those of the bands of cyanogen,* and of .silicon nitrido^f Thus, 
the heads Aa may he represented by a Deslandres equation, 
n = A-bB(7^t*f ffc)^ + C (p+tt)*, 

in which A, B, and C are constants, m and p take stiooeesive integral values 
for consecutive values of n in vertical and horizontal directions respectively, 
while ft and tt are fractional terms. B and C are respectively equal to half 
the common differences in the progressions formed by the tabulated intervals 
(or “ fii’st differences *') in the vertical and horizontal directions. 

Adopting as the means of the “ second differences the values 20’40 and 
2370 (which are partly derived from the measures of the more refrangible 
system, I'he equation becomes 

wa, « ir85(p + 0*04)»-10‘20 (7a4‘078)»-12203. 

The same equation will include the other three heads if the constant A be 
altered in accordance with the constant intervals 13 and 124. For the com- 
plete representation of System a the constant A takes the values : — 


Bs ^12827 1 ^3 

Bi -12314 J 

Aa -12208 “i 124 

Ai -12190 J - 


♦ Fowler and Shaw, ' Hoy. Soc. Proc*/ A, voL 86^ p. 125 (1912). 
+ III, p. 191. 

I See p. 129. 



126 Mr. W. Jevon$* 

The values of m and j? for the observed bauds are shown in both tables» attd 
the difTerences (A n) between observed and calculated wave-numbers are given 
in Table 1. 

The More Refrmigihk System (^). 

This system has a close resemblance to the silicon nitride spectrum, the 
bands in each case having single heads. Data relating to all the bands 
observed in the more refrangible region are included in Table III whether 
they belong directly to System ^ or not, while in Table IV the wave- 
numbers of the heads in System ^ are arranged in a manner similar to tljat 
already indicated for System a. The bands are more numerous than in the 
less refrangible system, and the determination of the constants of the 
Deslandres formula is therefore rendered more exact. 


Table III. — The More Eefrangible Bauds. 
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Table HI — mUinued. 
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It is at once evident that the intervals 1237... and 1861.,. of Table II 
occur also in Table IV, aiid that the common differences in the progressions 
have the same two values in both systems of bands. The constants of the 
formulfB have, thei^fore, been evaluated from observations of the two systems 
jointly, and the same values adopted for both. The mean “ second differences 
in the rows and columns of Tables II and IV are 23^70 and 20*40, and the 
equation representing System /9 is 

r= 11*86 (p 4 0‘04)»- 10*20 (7n + 0*t8)» 4-8291, 

in which m and p take the integral values indicated in Tables III and IV, 

The ranges of m and are very nearly the same in the two systems. Thus 
it results that tlie equations differ only in the values assigned to the constant 
A, i.c. four suitable shifts of System yS (or a portion of it) bodily on a scale of 
wave-nunil)ers will suffice to reproduce the quadruple head System a, 

Siihddiary System s. 

In addition to the two chief systems of bands (a and already considered, 
there is evidence of other systems which are only comparatively feebly 
developed. These, however, ai*e not entirely independent of the main 
System since the heads ai’e single, and the intervals and second differ- 
•enoes are of the same orders of magnitude. Two such subsidiary systems 
have been recognised, and may conveniently be designated /9i and The 
positions of these bands are included in Table III, and their inter-relations 
are indicated in Table V. 

Table V. 

System 

1841 35366 3B16 [ 33550 ]* I79li 31756 

1295 1298 J802 

1S46 36661 IBIS 34648 1790 33058 

1260 1272 1273 

1845 37930 IBIO 36120 1789 34331 1765 32566 

* Masked by band 88667 of System /3. 


39070 1863 37207 
1800 
38507 
1288 
89775 


System 

44171 

1273 

45444 

1258 

46697 1916 44781 

1230 


46011 
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Origin of the New Bands. 

In the course of the experiments on boron trichloride in active nitrogen, a 
white solid substance was deposited on the inside of the afterglow tube. With 
a view to gaining some evidence as to the origin of the new bands this 
substance was removed and submitted to a Nessler tost, which amply proved 
the presence of nitrogen in the deposit. 

In order to investigate the possibility of chlorine being necessary for the 
development of the bauds, the vapour of another boron compound not con- 
taining chlorine was substituted for the trichloride. The compound selected 
was methyl borate (CH 3 ) 3 B 03 , a colourless liquid, not so volatile as the 
trichloride— boiling point 72° C. It was prepared by passing the vapour of 
the trichloride into pure methyl alcohol cooled in a freezing mixture. Excess 
of HCl, one product of the reaction, was removed by bubbling dry air through 
the resulting liquid for some time, and the product was further purified by 
fractional distillation. The glow produced by the introduction of this sub- 
stance had not the pale blue-green colour of the former glow, but was 
obviously contaminated by the purple cyanogen glow. The spectrum con- 
sisted of the boron lines, the cyanogen and nitrogen bands, and the new bands 
under consideration. It therefore results that chlorine does not eater into 
the question. 

The latter conclusion was confirmed by an observation of the spectrum of 
boron trichloride in a vacuum tube provided with a quartz window. The 
vapour was obtained in such a state of purity that no nitrogen bands were 
present. The new bands were entirely aljsent. 

It is evident, therefore, that while boron and nitrogen are concerned in the 
development of the bands, no other element appears to be necessary for their 
production. They have therefore been attributed to boron nitride. 

A search for the nitride bands in tlie green flame produced by metliyl borate 
ill the bunsen flame proved to bo unfruitful. This spectrum contains only 
the oxide bands as observed by Weith,* and later by Eder and Valenta.t 

The non-disruptive spark spectrum of boron was also investigated with a 
view to determining whether the nitride bauds were produced. This experi- 
.ment was rendered possible by the kindness of Sir William Crookes, who 
supplied a sample of the melted boron (prepared by Dr. WeintraubJ) used by 
him in 1911 in his work on the boron line spectrum. Photographs of the 
spectrum of the spark in an atmosphere of nitrogen showed no trace of the 
nitride bauds, even when sufficient self-induction was included in the circuit 

♦ * Chom. Oentralbl./ vol. 7, p. 164 (1876). 

■t * Bonkflchr. Wiem Akad.,* vol. 60, p. 467 (1893). 

+ * Tran*. Anier. Eloctrochem. Soc,/ vol 16, p. 166 (1909). 
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to develop strongly the band spectrum of nitrogen. In an atmosphere of 
oxygen the oxide bands were similarly absent, even with tlm self-induction in 
the circuit* Lecoq de Boisbaudran,* however, observed these bands in the 
spark, using a hydrochloric acid solution of boric acid, Eder and Valenta, 
and Hagenbach and Konen, liave also observed the oxide bands in the uncon- 
densed spark Hpectrum of boric acid. 


Omirrence in tJie Arc. 

If boron nitride is the true origin of the new spectrum, then since this 
coin{K)und is formed when nitrogen is passed over heated boron, the bands 
would be expected to occur in the boron arc in air or nitrogen, just as the 
cyanogen bands are developed in the carbon arc. Although much work has 
been done on the arc spectrum of boron compounds (chiefly boric acid and 
anl)ydride), the only bands which have been recorded in addition to the 
oxide bands already referred to above are some observed by G* Kiilme.f 
Kiihne photographed the flame and arc spectra of boric acid by means of 
the 21-ft. concave grating at Bonn, and measured structure lines emanating 
from four single heads, which are stated to be at XX 5022*19, 6046*79,5515*02, 
6552*98. These degrade to the red, and are designated by Kiihne A, B, 0, D, 
respectively. The series from A and C were found to consist of single 
lines and those from B and I) of doublets. The figures in the boron nitride 
spectrum (Table I) nearest to those quoted above are respectively 


50 


10*9 

07-5’ 


5o: 


42*4. 


39*1' 


11 
‘07*5 ^ 


65 


50*0 

45*9* 


belonging to two of the strong bands of System at. The agreement, however, 
is not near enougli to do more than barely suggest identity. Moreover, while 
the nitride heads are double, Kiilme's are described as single, and no mention 
is made of other heads having wave-lengths correspondingly near other strong 
bands of the nitride system. 

The arc spectrum of boric oxide was photographed with the same two 
spectrographs as were used in the afterglow experimentB. The headless oxide 
bands are the most prominent feature of the spectrum (Plate 2, strip 1). 
Cyanogen bands and lines due to impurities are also present, and super- 
position of afterglow photographs led to the detection of the strongest of the 
nitride heads of System « in the arc spectrum. 

The intervening fainter lieads of System a have not been detected in the 
arc owing jjartly to the confusion caused by the presence of the oxide 

* ^Spectres Lumineux,’ p. 393, Paris, 1874. 

+ ‘ ZeitBch. f. Vfim. Photog.,’ vol 4, p. 178 (1906). 
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©poctrum, and also, perhaps, to certain modifications of intensity presently to 
be described iu connection with the more refrangible bands. 

On none of the arc pliotogmphs was it possible to detect any heads near 
the four positions given by Kiihne other than those already mentioned. In 
eacli case the present measurements result in smaller wave-lengths than 
Kuhne's corresponding value. A possible explanation of the discrepancy, 
assuming the identity of the bands, would be that, on account of the high 
dispersion employed and the ill-defined nature of the heads in the arc, Kiihne 
misjudged the positions of the heads Aj and Bg, and entirely missed the 
second heads, Ai and Bi, of the doublets. 

Similar results were ol>tained in the case of elemental boron in the arc in 
air, and in nitrogen ; in the latter case the oxide bands occurred with 
relatively climiuiHhed intensity but were never entirely absent, as would 
be expected if oxygen could be totally excluded. I'hotographs of the 
elemental boron arc In an atmosphere of oxygen were consistent with the 
nitride origin of the new spectrum ; for, although the less refrangible system 
was feebly present, the more refrangible Viands were generally absent. The 
experiment, however, was not regarded as very important, as with the 
arrangement employed it was uncertain whether all the air was displaced 
by oxygen. 

In the far ultra-violet region, not confused by the superposition of other 
bands, the diffei’enoe between the nitride bands (System /8) in the arc and 
the afterglow is mainly one of intensity. As in the visible region, the strong 
heads are well defined in the arc, but in addition to these the intervening 
feebler heads are sometimes discernible. In the afterglow the heads are much 
betbi»r defined, and the structure lines fall off in intensity much more rapidly 
as their distance from the head inci’eases than is the case in the arc. Thus 
the feebler heads stand out distinctly above the structure lines from the 
preceding strong head in the afterglow ; while in the arc they are almost 
entirely masked by the intense structure lines. 

This contraction of the bands in the afterglow relatively to the arc may be 
a direct result of the diminished jir(?S8ure. A similar contraction is observed 
in the cyanogen Imnds as produced in the electric discharge through a 
cyanogen tube, compared with the same bands developed in the carbon arc 
at atmospheric pressure.* Cases are known, also, in which bands axe shorter 
iu the afterglow tlian the same bands in the electric discharge, the nitrogen 
bands of group 7.^ 


* Fowler and Shaw, ett,^ Plate *7. 
+ I, Plate 10, fig. 36. 
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Comparison with Carbon and Silicon. 

Boron, the only non-iaetallic element in its group (III) in the Periodie 
Classification, is well known not only to have similar general chemical 
properties to the otlier elements (Hluminium, gallium, etc.) of the same 
trivaleut group, but also to bear some striking analogies to the tetravalent 
non-metals, carbon and silicon, of the next group (IV). 

The beliaviour of the vapours of its compounds m the afterglow is Jiow 
shown to be a new instanoe of this resemblance. Compounds of all three 
elements develop the spectra of the proilucis of their reactions with the 
active nitrogen, and not merely the spectrum of the substance introduced, or 
the lino spectrum of tlie element its^df, as in the case with the tetrachloride 
of titanium,* a metal of the carbon group. Moreover, in each of the three 
cases under consideration the product is the nitride of the element. Although 
the spectra of the three nitrides may each be analysed into groups and I'epre- 
sented l>y equatiojis, of the general type given by l^eslandres, yet marked 
diflerences in the constitution of tlie bands themselves occur in the three 
spectra. Silicon nitride has the sirnple.st spectrum, consisting of one system 
of bands with single heads degraded towards the red. Thus it resembles the 
more refrangible system (/3) of boron nitride. The tpiadraple head system («) 
of boron nitride lias no real counterpart in the nitrides of the other elements. 
Of the two cyanogen systems, the less refrangible bus triple heads degraded 
towards the red, and the more refrangible (comprising the well-known groups 
at X 4216, 3883, and 3590) has single heads degraded in tiie opposite direction. 
Both these systems are well developed in the afterglow together with the 
associated “ tails/’f 

Sunimari/. 

1, The interaction of active nitrogen and boron trichloride, or methyl 
borate, develops a band sjieotrum extending from X 6371 to at least \2140, 
with well defined heads degraded throughout towards the red. 

2. The new ajiectrum consists mainly of two distinct systems, in the less 
refrangible of which each band consists of four heads, forming two cloeo 
doublets. The more refrangible system has single heads, and thus resembles 
the silioou nitride spectrum described in a previous paper, 

3, The wave-lengths of the heads have been measured, and the wave- 
numbers in each system have been classified and represented by formula? in 
the tisual manner, 

4. Chemical and spectroscopic evidence lias established that the origin of 

** III, p. 192, 

1 II, p. iu>. 
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the spectrum is boron nitride. Boron, carbon, and silicon compounds are 
thus alike in developing nitride sf^ectra in the nitrogen aft/crglow. 

6. The boron nitride bauds, like those of cyRnogen, are producsed in the 
electiio arc spectrum, where they occur together with bands of the oxide. 


I wish to express my obligations to Prof. Strutt for suggesting this work to 
me, and for again placing his large oil-pump at my disposal; and to Prof. 
Fowler for his valuable assistance in the course of the work. My best thanks 
are due also to Sir William Crookes for supplying me with the fused boron used 
in the spark experiments, and to Mr. H. V. A. Briscoe, B.Sc., of the Chemical 
Department of tlie Imperial College, for his assistance in the preparation 4 )f 
the boron trichloride and methyl borate. 


DESCRIFTIOK OF PbATK. 

^thp 1. Boron arc, sho\riiig the wavy, lieadlesH oxide bands and thovHtrongcst nitride 
heads (faintly). 

-Striiw 2~6. Boron trichloride in active nitrogen, showing tfjo nitride bands. 

2, 3, and 4. Les« refmngible system (a). 

5 and 6, More refrangible system (iS), and bands of subsidiary systems Oj and 
Impurities — Sn lines, Hg line (X 2536), and ON bands. 


Ilermianns Phenomenoru 

By GKORaK Stanlky Walpolk, D.Sc., F.I.C., Wellcome Physiological 
Itesearch Laboratories, Herne Hill, London,, S.E. 

(Communicated by Prof. F. G. Donnan, F.E.8. Eoceived November 17> 1914.) 

In 1887, Hermann* published an account of some experiments from which 
he drew the conclusion that when an electric current passed from a dilute 
solutionjof a salt, such as sodium sulphate, to one more concentrated, a 
lil)eration of acid took place at the boundary layer between the two fluids ; 
also, that when the current passed in the opposite direction alkali was 
liberated at the same place. His experimental difficulties were considerable, 
but the facts were firnjly established, though it is only to be exj>ected that 
their repetition and amplification to-day should suggest another interpretation 
to thatiput forward 27 years ago. 

Strangely enough, although these phenomena were cited by early physio- 


♦ ♦ Guttinger Naohrichten/ 1887, 
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legists as affordiiig an explanation of the electrical taste/** they have quite 
escoped all the later text-books and articles on physico-chemical subjects. 
Eoseiithars experiments, which showed that the electrical taste was not 
to be attributed directly to electrolytic plieuomeua, may have led to a general 
but mistaken impression that Hermann's observations were faulty. lu 
explaining the habits of certain free-swimming protozoa, however, Dale has 
attributed the direcjtive stinndi to tliese houudary effects. The cogency of 
these speculations is in striking contrast to the earlier applications of 
Hermann’ii expeiiinentH to physiological problems. In a paper on the 
cataphoresis of ferments, too, V. Htniri has alluded to tlie lilw ration of 
alkali and acid at the boundaries of the ferment solution and distilled 
water when an electric current is passed. This, as he remarks, cannot 
be avoided by the use of non-polarisabJe electrodes, but may be over- 
come by dialysing the enzyme .solution until it lias the same conductivity 
as the distilled water employed. It may be pointed out, in passing, that this 
undesirable restriction to the experimental conditions is not necessary; it is 
only essential tlmt the specific conductivities of the two solutions should be 
the same. But, since the pul)liHhe<l work in which this precaution has not 
been taken would ollx'rwiso be not properly understood, it was decided to 
investigate the significance of these boundary com])lication8 in their relation- 
ship to transport experiments generally. 

Tiiis enquiry, the results of whicli are discussed elsewhere, involved 
experiments made to confirm and amplify Hermann's original observations, 
and establish them as far as possible on a quantitative basis. A rational 
explanation of them in terms of tlie hypothesis of electrolytic dissociation 
resulted, and the matter of this curious phenomenon assumed a sufficient 
interest to suggest its separate publication. 

Apparatus and Method of Experimcnd, 

For all the experiments described in tins communication a transport 
apparatus made entirely of glass in one piece was used, The preliminary 
observations which led to its permanent adoption have not l>een described ; 
where they were instructive they have been i*epeated under t.he better 
conditions afforded by this improved arrangement. 

A rigid wooden stand screwed to the bench held the apparatus. The 
fitting was done carefully once and for all so that it could at any time be 
removed for filling, cleaning, etc., and replaced in exactly the same position. 

The dimensions were chosen so that after the passage of the current 
reasonably large volumes of the fluid are available for examination. The 
* Biedermanii, ‘Electro -physiology/ vol. 2 (1908). 
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bore throughout was 10 mm., except at the tape, where it was 9 mm. FoU- 
bore taps could not be obtained. The diagranie rep^sent in elevation and 
in seotion the apparatus ready for an observation. It has been filled and the 
current is about to be turned on. 

The filling of the apparatus takes only a few minutes ; the problem is 



simply to introduce four fluids, indicated in the sectional drawing, in such a 
manner that the boundary layers between them are sharply defined, and 
oooupy certain positions which are exactly the same in consecutive experi* 
ments. After taking it in the hand with all three taps open,, and rinsing it 
out with distilled water, the tube M and the lower parts of C and I) (fig. 2), 
are rinsed, and then filled, with the "middle fluid." Any stray air bubbles 
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clinging to the glass are gently removed and the large taps shut. The fluid 
whicli is to occupy 0 and D is now used to rinse the excess of “ middle fluid " 
out of the apparatus, which is tlien placed in position in the wooden stand. 



Pig. 2. — Section of appni-atue. (Half scale.) 

A. Silver anode in normal sodium chloride. B. Copper cathode in cupric chloride. 

“ Side tube fluid " is poured in until it reaches a mark 15 min. from the top 
of one of the four upright tubes. The small tap e is open, and by a Uttle 
manipulation any air bubbles in this small transverse tube are removed. Into 
the tbps of the tubes C and .D rubber stoppers are introduced each carrying a 
VOL. XOI.— -A. M 
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glass tube with an open stopcock. These stopcocks are marked c and 
d. All three small taps r, d, and r, are now closed, and from the anode and 
cathode limbH as nmch fluid withdrawn by means of a suitable i)ipetting 
arrangement as is possible without allowing air to nin back into G or I>. 
When this is done, a sjural silver sheet anode connected by a silver wire to 
the positive binding screw is introduced into the anode limb, and normal 
sodium chloride ran in slowly until its meniscus reaches a certain mark, 
This mark is so arranged that when air is let in through r the column in 
0 dotjs not move, for it balances that in the anode limb exactly. In a 
similar fashion the cathode limb is filled with 5-per-oont. copper chloride 
solution round a copper electrode. The stopcocks c, d, and e, are now 
opened and the rubber stoppers carefully removed. The large taps are 

opened with a slow even motion and e is shut. The result is that the 

# 

four fluids are arranged as it was desired with four sliarp boundaries in 
the positions indicated in the sectional drawing. The position of the middle 
tube fluid and the ** electrode fluid ” are shown by stippling. The side 
tube space is left (dear. It should be noticed that the position of the 
apy^'atus in its v^ooden frame has been carefully adjusted so that the 
tox)8 of the plugs of the largo taps are in the same horizontal plane. The 
adjustment is checked by filling M and the borers of both taps with a 
coloured fluid and noting the position of the two meniscuses relative to 
the plugs of the taps. The two binding screws are now put in connection 
with a direct lighting main, say, at 115 volts. It is, of course, one essential 
condition of these exx>erlment.s that the actual current passed be so small 
that oven at tliis voltage the rise of temperature due to the heat generated 
in the apparatus is insuflicieut to cause any appreciable convention currents. 

After disconnecting again from the main the large taps are turned off very 
slowly to pievent mixing of the solutions by eddy currents, and the distribution 
of acid and alkali at the boundaries is investigated by on© or other of the 
various simple devices which suggest themselves at once. A '‘medicine 
dropper made of hard glass and drawn out to a long fine capillary is 
convenient for introducing strong indicator solution at the desired point, for 
removing liquid from a given region, or for mixing small quantities of fluid 
by drawing them up successively and delivering them into a common vessel 
after the manner of the Imcteriologist. 

If, for example, in an experiment where the “ middle fluid ” is 5-per-oent. 
sodium chloride and the “side tube fluid” 0*05-per-o©nt. sodium chloride, 
azolitmin dissolved in 0*05* per-cent, sodium chloride be floated upon the 
menisouft of A and B, it will in a few minutes diffuse tind fall down to the 
four boi^ndariea and demonstrate that, though the liquid in between has 
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stayed neutral, acid has been liberated at the boundaries 2 and 4, counting 
from left to right, where the current- has passed from a- dilute to a cou- 
contrated solution ; tuicl alkali has been liberated at boundarios 1 and 3, 
where the current has passed from a solution more (ioiicetitrated to one 
more dilute. Moreover, the coloured fluid will come t(.» rest and spread 
out at a eertain depth where it reaches a layer of fluid . of a density greater 
than its own. The actual position of the clean-cut lower horizontal 
boundary of the now coloured fluid in C and D is the limit of the upward 
diffusion of the more concentrated salt solution, and will deixmd only upon 
the duration of the experiment. The position of this up]>er limit is the 
Hame whether the current is turned on or not. 'I'he effect of the current 
is seen in that the lowest fraction of a luillimetie of the azolitmin-tinted 
“ side tube fluid is red in one case and blue in the other, instead of being 
uniformly neutral in colour. The appearance can only be taken as signifying 
that the uppermost limits of the region of acid and alkali liberation are 
horizontal and sharply deflned ; they coincide with the limit of salt diffusion 
upward, and are to be found even several hours after the opening of the large 
taps, only a millimetre or two above the original position of the boundary. 

In all the experiments described later, alkali and acid liberations at 
boundaries 1 and 4 respectively were observed, but as their discussion, 
except BO tar as the considerations referring to boundaries 2 and 3 apply, is 
in’elevant to this investigation they will not be referred to again. 

As the result of considerable experience, it may be stated of experiments 
in wliich the connection to the 115 volt main lasts for four hours only, that 
a first measurement of the auiounts of acid and alkali liberated may be made 
in the following manner. The large taps are closed very carefully, both 
electrode fluids are sucked out with a pipette, so that the column of lifjuid 
vertically above each tap is isolated, azolitmin solution is introduced into C 
and D, and the liquid stirred. The amount of azolitmin solution used is the 
same for each experiment, and the colours assumed after stirring indicate the 
quantities of acid and alkali developed. Subsequently, search . for acid and 
alkali in the bores of the taps may be made, but under these conditions little 
will be found. The explanation is simple when it is recognised that the 
sites of development of acid and alkali are the boundaries of the oon- 
oentoted and the dilute solution, and that those move upwards about 
4 mm. in four hours by the ordinary process of diffusion, To detect the 
extremely minute traces of acid and alkali formed when the experiment 
has only run a few minutes, it is advisable to remove all the neutral super- 
natant fluid from the side tubes, except the lowest 10 mm., before adding 
indicator and stirring. A more complete description of the shape and 
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position of the region in wliich a (jhaiige of reaction is observed, and 
the actual titration of the amounts of aci<l and alkali developed, will be 
given later. 

1 st SoHes of ETperimentH, The amoimts of aeid and alkali liberated hear 710 
relatio7i to the amount ofeurrent 2 >aHHed, — Using as middle fluid " any sodium 
chloride solution from 0*01 per cent, to f) ^Kir cent,, the amounts of acid an<l 
alkali obtained at the boundaries were the same, as nearly as could be judged, 
as long as the **side tube fluids” were distilled water. Also, using 5-per- 
cent. sodium chloride as middle fluid ” and as side tul )0 fluid ” a 0‘05-per- 
cent. solution of the same salt the result was still the same, though of 
course the current passed was many hundred times greater in this case. In 
fact, the amounts of acid and alkali liberated at 100 volts in four hours 
were independent of the concentrations of the "middle fluid ” and "side tulw^ 
fluid” as long as the former conducted electricity at least 100 times as well 
as the latter. To avoid heat liberation and subsequent convection currents 
the "side tube fluid” was never more concentrated than 0*05 per cent. 

2nd Ser m, The acid^ ru) matter what iieutral mlt he med^ is alwayn Uherated. 
7i)hm!> the cwreni poMCS from the mare dilute to the more mmeindi'aUd solution ; 
the alkali is alwnyn lil)erated where the mrrent passes from the eonrmirated 
sohitim to that more dihde, — In tins series of experiment/S a number of neutral 
salts were examined. Five-per-eent. solutions were used as " middle fluid ” ; 
the same solutions 100 times diluted were taken to fill the " side tubes.” In 
all cases acid was found at the left and alkali at the right boundary. 

The neutral salts chosen were examples cited of the following gronjjs : — 

{a) Those whose anion and cation have approximately ecpial migration 
velocities, c.r/., KOI, KI. 

(6) Those whose anion is the faster ion, MgS 04 , XaSO^, NaOl, 

AgNOa. 

{c) Those whose cation is the faster ion, KClO.s. 

(<f) Those whose anion migration mtio increases with dilution, (ug,, 

MgS 04 , NaCl, KCl, KL 

(^0 Those whose anion Juigration ratio decreases with dilution, 

AgNO,. 

Zrd Se/ries, Other conditions beiruf the same, a condant amount oj acid and 
alkali is lihemted, no 7iiaUer what Theutral salt he tmd, — The individ\ial experi- 
ments of the second series above were done in pairs. Two neutral salts were 
taken, and the 5*per-cent. and 0*05-per-cent. solutions of each prepared from 
the same sample of distilled water. They were filled into two similar trans- 
port apparatus, and connected to the same 116 I).C. main in parallel for the 
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same time, and then examined in the same manner, Tlie salts were chosen 
from groups a, h, c, d, v. above, in various combinations, but there was no 
indication that the effect was greater in one case than in another. 

ith Series, Experiments to deternmie (he eonji-guration and 2>o^^dion of the 
zo7hes of (wid and alkali liberation. — The upper limits of the two zones in 
which a change of reaction has occurred have been discovered (p. 139, jMira* 
graph Ij; they coincide with the upper limits of the diffusion of the salt 
solution. The lower limits are found by removing fluids at different levels 
and testing. The taj)S are of assistance in doing this. The o])erations are 
tedious, but with a hard glass medicine dropper drawn out to a long fine 
point trustworthy information can be obtained. It is found that the acid 
and alkali spread down more and more, as the duration of the expciriment is 
increased, presenting an irregular diffusion front. 

The state of affairs after eight hours at 220 volts, when the two fluids are 
water and 5-per-cent, sodium chloride, is represented in tig. 3. 



Fia. 3. 


bth Series, Thx quantities of add and alkali developed increase %(nth time 
and then hemne constant. — From what has. been said in the last paragraph it 
will be anticipated that, as the rate of acid and alkali production is very small, 
there will soon come a time when they diffuse downwards away from their 
source as rapidly as they are liberated, and that their diffusion fronts will 
meet. Neutralisation and consetiuent disappearance of the acid and alkali 
will occur somewhere near the middle of M as rapidly as they originate noai’ 
the bottom of the side tubes. 

There is every indication that this is what takes place. At 220 volts, with 
the apparatus of the dimensions given, this maximum is reached in about 
36 hours. The quantities of acid and alkali found in the two regions increase 
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Bteadily tip to this time. The time taken to reach thin maximum would 
naturally he longer, and the maximum quantities of acid and alkali obtainable 
would be greater, in an a])paratu8 made with a longer middle tube. 

^th Merit's, Meamrevtcnf by titration of the quaniitu^ of aeid mid allcali 
liherated. — The quantities are extremely small — so much so that without 
preliminary experience their measurement could not be undertaken. In the 
particular experiment chosen as affording the greatest opportunity of exact 
quantitative investigation, 0’2c>-per-cent. sodium chloride solution was sur- 
mounted by conductivity water. This small concentration of salt was 
used in the middle fluid in order to minimise the effect of the neutral salt on 
the indicator in the subsequent titration. 

Using 115 volts, the duration of the experiment was limited to five hours, 
as it was known that in this time the lower limits of the acid and alkaline 
zones would not extend down far enough to escape their subsequent removal 
intact. At the end of the experiment, to avoid undue dilution of the acid and 
alkali, the taps were closed and the “ side tube fluid was removed except 
that occupying the lowest 20 mm* above the taps on either side. This was 
done by removing first the electrode fluids, so that tlie columns of liquid 
vertically above the taps were isolated, and then by the judicious use of a 
long, fine-pointed pipette. Then, opening the taps one at a time and closing 
either before opening the other, 4 c.c. of fluid were removed by pipette from 
each side of the apparatus. The experiment was porfonned in duplicate 
with two complete sets of apparatus, so that 8 cx*. of alkaline fluid and 8 o.c. 
of acid fluid were obtained. These two portions of 8 c.c. could, as a result 
of the preliminary experiments detailed, be relied upon to contain respec- 
tively the whole of the acid and alkali liberated as a result of the passage of 
the current. As they contained only 0-18 per cent, (circf of sodium chloride, 
the effect of neutral salt on the indicator could he neglected. Four beakers 
were taken : — 

(a) 8 c.c. fluid from left-hand limb. 

(?>) 8 c.c. fluid from right-hand limb. 

(e) 8 c.c. fluid Sorensen N/15 phosphate mixtui’e (6*5 o.c. NaaHP 04 + 

3-5 c.c. KH 3 PO 4 ). 

8 c.c. of same water as used to fill the apparatus. 

To each was added just enough neutral red to colour the fluid a practicable 
amount This indicator was chosen because the P+ range over which it shows 
colour change is small and extends on both sides of absolute neutrality. The 
tubes (r), (rf), and {/) matched exactly. The addition of one drop of 0*001 N 
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caustic soda to (rf) or 0*001 N hydrochloric acid to (e) caused them to turn 
peimanerjtly yellow and red respectively. The contents of beaker {a) was 
redder than that of (<*)* After the addition of 0*20 c.c. of 0*001 N caustic soda 
to (a), they inatchod in colour ; but (a) slowly developed a pink tinge again. 
By adding a further 0*10 c.c., {a) lemained yellower than (c) for some minutes. 
The titration of the acid libei'ated in each apparatus was, therefore, about 
0*10 C.C., and certainly less tlian 0*15 c.c. of 0*001 N solution. Many experi- 
ments were made to account for this small, but in proportion to the titration 
volumes very large, time cliange. It was not understood. The control 
expeviments described above are evidence that it is due neither to atmospheric 
carbon dioxide nor the reaction inertia of the indicator. A special experi- 
ment was made, leaving the Iluids in the apparatus for 24 hours without 
turning on the current. It showed that it could not be attributed to alkali 
from the glass. 

The titration of (h) to the same tint as {(') was certainly more sharp. It 
required about 0*10 c.c, of 0*001 N hydrochloric acid. The alkali liberation 
in each apparatus was therefore about 0*05, and certainly less than 0*08 e.c. of 
0*001 N solution. 

Theoretical Interpretation of ths liemlk Olmnn'cl, 

From the evidence available at this stage it is legitimate to draw the 
conclusion that these boundary phenomena cannot he attributed to any 
property of neutral salt solutions not common to t-liem all. Since the most 
obvious electrochemical property common to all neutral salts in solution is 
that of enhancing enormously the specific eoiuliuitivity of pure water when 
dissolved therein, it is not surprising that this, and the hypothesis of the 
dissociation of water into H‘ and OH' ions, should supply the greater part of 
the explanation sought. It may he noticed at t»nce, therefore, that in either 
limb of the apparatus as tilled for any one of these experiments there is a 
column of highly conducting solution {ejj. 5.per-cont. sodium chloride solution) 
with a column of very feebly conducting solution {e,g. 0*05-per-cont. sodium 
chloride solution or, even better, pure water) above it. The columns of liquid 
are placed in series and in (dectrical connection with two points at a different 
electrical potential It follows, therefore, that the strength of the electro- 
static field, which is expressed as a change of potential per unit length, is 
great above the boundary and small below it. The field is downward on tlie 
left-hand side of the apparatus and upward on tlie right. 

Since the contents of the U-tube are at the comnienoement neutral 
throughout, the hydrogen and hydroxyl ions per cubic centimetre are equal 
in number and evenly distributed both in the dilute and in the concentrated 
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rtolution,* When the ctUTenfc is turned on tlie iiiigration of the hydrogen ions 
oominenoes in the <lirection of the field, while the hydroxyl ions move in the 
opposite direction. Migration is rapid in the dihito and slow in the strong 
salt solution. Hence at the left-hand boundary the number of hydrogen ions 
arriving in unit tinu! from above is many times greater than the number 
leaving in the same time in a downward direction ; t.he number of hydroxyl ions 
leaving in an upward direction is, in similar fashion, greater than the number 
arriving from below. The resulting excess of hydrogen ions over hydroxyl 
ions a(icountH for the obsi3rved “acid” at this jdace. The development t>f 
alkali at the right-hand boundary is attribiited to the accumulation of 
liydroxyl ions in cxcjcbs of the hydrogen ions at this place by the converse 
process. There is one ])oint which cannot be overlooked. Tlie product of 
the rr and OH' concentrations at any point in the solutions at any time 
miiHt be If tlie coneentrationB of H* and OIF resulting from the original 
concentrationB plus ionic migration do not satisfy this relationship, then it 
(jail be assumed that a dissociation of water takes ]>lact^ till the relationshij) 
is again established. The dissociation may be positive or negative, but, since 
H' or OH' ions are liberated or disiipjiear in equal amounts by this moans, it 
cannot abolish the excxjss or deficiency of H* or OH' ions per cubic centimetre 
set up as a result of ionic migration in the mauuer suggested. 

As pointed out by Dr. G. J. Martin while discussing this explanation, an 
accumulation of H* or OH' ions in any region, though a convenient expressioiu 
cannot be regarded as the whole of the phenomenon. Ions such as CT or Na' 
must be attracted electrostatically from other regions to balance them. With 
this addition the picture of the condition of affairs is complete, and Ihe 
vlevelopinent of “hydrochloric acid” and “caustic soda,” both, of coat#, 
highly ionised, is accounted for. 

On tlie same lines may be explained why the upper layer of the region of 
cimnged reaction is sharply defined while the lower layer is not. Imagine 
at the left-hand boundary, where the diffiision front of the strong salt solution 
is a well marked lioriijontal layer, a hydrogen ion diffusing upwards ahead of 
its companion Na’, CT, and OH' ions. It passes into a field of high intensity 
and is immediately fonjed down again. No such hindrance is met in its 
natural diffusion downwards ; it has, in fact, a small force helping it. This, 
coupled with its high natural velocity of diffusion, lUjcountH for tlie discovery 
of acid, even after a few hours, a considerable distance below the original 
position of the boundary, 

if these explanations of the phenomena observed are aO/Cepted, ftirtlief 

♦ Tho of the neutial salt <hi the dissociation constant of water need 
considered. 
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problems immediately i)reseiit themselves as to the finer mechanism of these 
changes of reaction and the energy changes at the boundaries. Their 
complete solution demands mathematical treatment of an advanced order. 

An attempt at calculating the gross amounts of acid and alkali developed, 
however, say in the experiment described under the heading 6th Series, may 
\)Q made at once — avssuming that the explanation of the phenomena observed 
is correct and complete. The region of acid development, which it will be 
convenient to consider first, is totally included tetween the sections aa and 
mm of tlie apparatus. At both of these sections the fluid is neutral, even at 
the end of tJie experiment. The volume included is 4 c.c. The total 
gramme equivalents of ionised hydrogen which pass in across aa during I he 
whole time of the experiment may be written at once 

1 0’'® X 10“^H X tvae^ ( 1 ) 

where t is the time for which the experiment has run in seconds ; v, the 
velocity of the hydrogen ion under unit potential gradient; a, the area of 
the cross-section; and c, the fall of potential per unit length across that 
section. Similarly since the migration velocity of the OH' ion is 18/33 that 
of the H* ion, the total gramme equivalents of OH leaving the region by 
passing upwards across an, is 

10“^ X X / X (2) 

The migrations of H‘ and OH' ions jmst the section inm are suthciently 
small to be neglected, for they arc smaller than those past aa in the ratio of 
the conductivities of water and a 0’25-per-cent, solution of sodium chloride. 

restore neutrality to this region at the end of the experiment, equivalents 
et ?ilH' must be added in amount equal to the sum of these two quantities. 
The quantity (1) represents the OH' ions recpiired to neutralise the H* ions 
which have aiTived ; the quantity (2), the deficiency of OH' ions which must 
be made up. 

Since for the titration O’OOl N caustic soda was used, the sum of (1) and 
(2) must be multiplied by 10® to give the nuralxjr of cubic (xmtimetres 
required. The titration should be 

lO" (10* X 10- Ik X tvae + 10* x 10->‘“+*“S < x U (3) 

Inserting the following values 

PS = 7-07, 

t = 18,000 seconds, 

= 33 X 10-«, 

ae * 2-93,* 

* Th? determination of the value of the product ae, which depends on the voltage 
appli^'lo the ends of the “side tubes” and upon their shape, was the object of a 
A. N 
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the calculated value is 0 027 c.c. O’OOl N caustic soda. Expression (3) is also 
the expression for th^volume of 0*001 N hydrochloric acid required to 
^neutralise the alkali liberated in the region of change of reaction on tho, 
T'ight-hand siile of the apparatus. So that this titration also should be 
O’ 02 7 c.c. if the assuinptions made ai'c correct. The quantities of acid and 
alkali found (()'i5 and 0 08 c.c. of 0*001 N solution respectively), though of 
tlie same order of magnitude as those calcnlatcfl, are in excess of tliose 
quantities anticipated on these suppositions, if the accuracy of tliese titrations 
can be trusted. To cstalilisli certainty that the difference between the 
calculated and observed values is significant would require special apparatus, 
water of exccjitional purity, and an expenditure of time which seems scarcely 
justifiable. 

In view of the inaccuracy of the titration of these small (Quantities 
nothing can be gained by discussion of possible reasons for the lack of 
agreement belwcitni the calculated and observod values, thougli it may be 
nuuarked that the ]nirer the water used the sharper, smaller, and more 
neaidy e<|ual were the titrations observe<). 

On the basis of the explanation offered, theredbre, the quantities of acid 
and alkali liberated in a typical Hermann experiment have been predicted, 
and found in j)ractic(?, to be of the order 0*03 c.c. of 0 001 N solution. This 
quantity, though detectable, could not he measured with accuracy. 

It may be stated, in conclusion, that invariably when an electric current 
passes from one aqueous solution to another of different specific conductivity, 
there will be either acid or alkali liberated at the boundary, depending on 
the direction of the current. It is widely recognised tluit in such circum- 
staucos a concentration of one of the ions of the feebly conducting solutioti 


Heparatc ex jKui rnont. It is equal to K//', wheie E is the potential ditforenoe between the 
ends of the “nide tube” spaee, and in their “veHistance capatnty.” For, if the “«ide 
tubes” are filled with fluid of specific conductivity 6, the current passing may be written 
<ws — By “ side tubes ” are meant the whole of the volume which is not stippled 

in diagram. The apparatus was filled in the usual manner with normal NaCl and 
saturated CUSO 4 , as electrode fluids, normal NaCIns middle fluid,” and with 0*01 N KOI 
in the *‘side tuboH.” With 115 volts between the electrodes the current passed was 
3’58 niilliainpcres. Filling the apparatus in exactly the same way, except that 
0*10 N KCI was ]>laced in the side tulles, the current passed was 31 milliamp^res at the 
same voltage. If the resistance of the electrode fluids and the normal nedinm chloride 
in the middle tul>t?,” which is common to both, be WTitten « and the standard values of 
the 8 pGcifi<* conductivity of the KOI solutions be taken— 

I' „ Ib'i . „ 1 15 

“ lS'3xlO -< '’3'.'>8xlO-'“ ■ "11-2x10-'''“ 31x10-5’ 


from which (equations /■ 39 * 2 . 


Hence 


ae — 


E U5 

SE 

T SU‘2 


= 2-93. 
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£t the boundary will occur ; but that H* or OH' ions will always be fotmd 
concentrated there, too, has escaped recognition. 

A sbiiple experiment can be devised to demonstrate these facts in # ; 
striking manner. The apparatus is filled, say, for the experiment under the 
heeding 6th Series, except that, before filling, a little dry azolitmin is 
dissolved in the middle fluid, and, in such quantities as to produce the same 
tint, into the side tube fluid as well. Shortly after turning on the current, 
the litmus will begin to collect at boundaries 1 and 3, and to move away 
from boundaries 2 and 4. A space above the left-hand tap 1 or 2 mm, deep 
will be left perfectly clearly defined and colourless in a quarter to half-an- 
hour. Moreover, though this requires care in the amount of azolitmin used, 

; the changes of colour of the litmus at the boundaties demonstrate, in addition, 
that at each boundary either H' or OH' ions concentrate there too. The red 
litmus anions in the middle tube will not move at all or show any change in 
their even distribution indefinitely. 

The analogy between the acid and alkali libttration at the boundaries 
of solutions of unequal conductivity (taken together with the supposed 
bleaching action of litmus in the regions beconiing colourless in the experi- 
ment just described) led Hermann to consider the phenomena at these 
boundaries similar to those at metallic electrodes. He attributed them to 
the discharge of ions. In many exj^eriments with potassium iodide, where, 
after the experiment, the boundary was tested with starch, and silver nitrate, 
where metallic silver was looked for, no evidence of this occurring could be 
found. 


Summary, 

At the boundary between two solutions of unequal specific conductivity a 
change of reaction is developed if a difference of potential be maintained 
between them. Alkali is liberated if the current passes from the better 
conducting solution to that not conducting so well : acid, if the current 
passes in the opposite direction. The amounts may be calculated from the 
potential gradients in the solutions on each side of the boundary, the time for 
which the difference of potential is maintained, the resistance constant of the 
vessel employed, the dissociation constant of water, and the known migration 
velocitSes of hydrogen and hydroxyl ions. 


0 
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The Diffusion of Hydrogen through Palladium. 

By At-krkd Holt, M.A., I).Sc. 

(Cornmuiiic.'ited l)y O. T. Beilby, F.K.S. Received Juno 25, 1914.) 

(From the Muspratt Tiaboratory of Physical atid Electro-Chemistry, University of 

Liverpool.) 

The diffusion of gases through metallic septa has been the subject of much 
investigation, for by examining the change in the rate at which the gas 
diffuses with varying pressures the physical condition df the intrametallio 
gas has been deduced. 

In this field of research hydrogen-palladium has probably received the 
closest attention, and as the same conclusions have not always resulted from 
the experimental evidence, little excuse is necessary in presenting new data. 
Schmidt,''^ who determined the rate of difliision between 150° C. and 300° C., 
and for various pi’essures, concluded that while the temjierafcure curve is 
probably quadratic, the pressure curve for the higher pressures may be linear, 
results which have been (juestioned by Bichardson,f since the experimental 
data when applied to this latter author’s formula for rates of diffusion gave 
indecisive results. 

WinkelmannJ had previously expressed the view that the dissociation of 
the hydrogen molecules was necessary to explain the observed phenomena 
of diffusion, a contention considered unnecessary by Schmidt, though by 
assuming it llichardson calculated the heat of dissociation of one gramme- 
molecule of hydrogen from Schmidt’s experimental results, and Winkelmanu 
has 8ince§ reaffirmed bis original conclusion. 

Previous to these authors Ramsayll had made the interesting observation 
that hydrogen diffusing through fialladium into an atmosphere of an indifferent 
gas never diffused till its partial pressure on the two sides was equ^I, The 
pressure was, finally, always greater on the side from which the gas entered 
the metal. 

lieceutly the present wiiter, in conjunction with Edgar and Firth, f boa 
shown that, while the- rate of diffusion becomes more rapid with rise of 
temperature, any particular temperature is not characterised by any definite 
rate of diffusion. The rate depends on what we have called the ‘‘activity ” 

♦ * Ana: Physik * (iv), vol. 13, p. 747. 

+ *Camb. Phil. Soc. Proc.,' vol. 13, p. 27 (1906). 

t ‘ Ann. Phy«ik,‘ vol. 6, pw 104 (1901). 

§ ‘ Ann. Physik,’ vol. 16, p. 773 (1906). 

II ‘Phil Mag./ vol. 38, p. 206 (1894). 

‘IT ‘ Zeit Phys. Chem./ voL 82, p. 613 (1913), 
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of th« metal, i.c, its power of rapid occlusion of gas, and the greater the 
activity the greater the rate of diffusion. The apparatus and method employed 
in the following experiments need not be figured or described in detail, since 
it was essentially the same as that already illustrated,^ but a few general 
remarks may not be out of place. 

The experiments group themselves under three heads as follows, and except 
in two cases represented a temj)erature range of 1 HO® C. to HOO® C. 

(1) Measurement of the rate of diffusion from a constant pressure into a 
vacuum, (2) measurement of the rate of diminution of pressure into a 
maintained vacuum, and (H) measurement of the rate of diminution of pressure 
on one side, and increase of pressure on the other side, of a palladium septum 
during the diffusion of a definite volume of hydrogen. 

The actual volume of gas diffusing through the heated metal was not 
determined, only the variation of pressure with time being recorded, the rate 
being taken to be the ntimber of seconds required for a change in pressure of 
1 mm. At the temperatures of the experiments palladium becomes saturated 
with hydrogen very rapidly, and hence it was only necessary to wait a few 
minutes after the commencement of each experiment before readings could 
be begun. It was found that in every experiment a graph in which the 
logarithms of decreasing pressures were plotted against time yielded with 
considerable exactness two straight lines cutting one another at some definite 
point. In the case of increasing pressures the graph of the logarithms of 
atmospheric pressure (760 mm.) minus the observed increasing pressure gave 
two straight lines when plotted against time. 

These graphs for a series of experiments are illustrated in the figure ; they 
represent the experimental data given in the Tables later in this pai)er. 

The relation may therefore be expressed : — 

i log-2l = K for decreasing pressure, 
t p2 

and i log ^ increasing pressure. 

From these relations it is apparent that the gas is diffusing through the 
metal at a rate j)roportiona] to the pressure, not to the square root of the 
prei^Bure, and hence according to the partition law the intramolecular gas is in 
a simple molecular condition. 

It is, however, doubtful whether such a conclusion as to the molecular state 
of the gas is justified, for the occlusion of hydrogen by palladium is a far from 
simple phenomenon. * 

♦ ‘ Zeit. Fhys. Chsni./ vol. 82, p. a33 (1913)* 
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It haB already been mentioned that the value of K oaloulated from either 
of the above expressions does not usually remain a constant throughout the 
whole range of pressures examined (100 to 700 mm.), but has two different 



values, one for the initial and the other for the final portion of the rate curve. 
Beferenoe to the graphs above will show, however, that though the rate 
curve can be closely represented by two equations of either of the above types 
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giving different values of K and exhibiting a definite point of transition from 
one value to the other, this can only l)e an approximation, for the phenomenon 
of diffusion is perfectly continuous. Further, it does not hold for pressures 
lower than about 90 mm., where the rate begins to diminish rapidly, and does 
not appear to be j)roportional to any definiu^ function of tlie pressure. 

In a recently published paper,* the author has shown that the rttt>e of 
solution of hydrogen at constant pressure by palladium foil cannot be 
represented by a simple expression since there is a discontinuity, in the 
rate curve, which consists of two portions of the same general curvature. 
The peculiar fonn of those rate curves has been attributed to two modifica- 
tions of tlie metal, differing solely in the packing of the ’ particles. The 
discontinuity of the value of K in the present experiments on diffusion 
almost certainly arises from a similar cause, for as the temperature increases 
the discontinuity becomes less, just as has been observed in the case of 
the rate of solution* It is unfortunately impossible to measure the rate 
of diffusion through palladium black to see wbether the discontinuity of 
K ceases, but the close parallelism betw^een the phenomena of solution and 
diffusion in palladium foil, and the explicability of the former, on the basis 
of metallic allotropes, points to a similar explanation in the case of the 
results given in the present communication. 

It might he argued from an inspection of the graphs and data given in the 
following Tablae that neither value of K in any given exjieriment is really a 
constant, but is continually and slowly altering. This is probably true, and 
as has been mentioned it is only an approximation to represent the graphs by 
straight lines, but the variation from the relation 

- Rate X pressure = constant 

is so slight as to be easily explained by the changes of solubility of gas in the 
metal with pressure. 

If at any given temperature wo suppose the amount of gas retained by tlie 
metal to be the same as that occluded at|i pressure equal to the mean value 
of the pressures on either side of tlie metallic septum, then as diffusion 
proceeds this mean pressure will vary, and so will the gas-oontent of the 
metal. Since the rate of diffusion has been shown to vary from one experi- 
ment to another at the same temperature and to depend on the activity of the 
metal, it follows that the amount of gas retained and the speed with which it 
adjusts itself to the ever varying pressure must have some slight influence 
on the rate of diffusion. 

At temperatures over about 120^ C., the change in the solubility of 
♦ * Roy. Sac. Froc./ A, voL 90, p. m (19U). 
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hydrogen in palladium between 380 iniii. and 710 mm., or 380 mm. and 
50 mm. (the mean values of the pressurefi on the two sides at the teginning 
and end of an experiment) is not great, and hence there is no pronounced 
variation between the experimentally determined points and the straight 
lines of the graph. 

The following Tables contain data of a few of the many experiments carried 
out. The pressure readings in brackets ( ) were not determined experi- 
mentally, but were read off the graphs as the intersection point of the two 
straight lines. Series I gives examples of the rates of diffusion into a vacuum 
from constantly maintained atmospheric pressure. Series II represents the 
rate of diminution of pressure into a maintained vacuum, while Series III 
shows the rate of diminution of pressures on one side and the corr 0 sjx)nding 
rise of pressure on the other. 

The figures in heavy type show the pressures at which the second value of 
K begins. They represent the intersection of the straight lines on the graph, 
or, what is the same thing, the pressure at which the values of 

1 ioga = K 

^2— n 

show marked variation. 


Co7iclu»ion, 

Between 700 mm, and 100 mm. pressure hydrogen appears to diffuse 
through palladium heated to about 100^ C. to 300® C. at a rate proportional 
to the pressure of the gas, though the rate curve appears to consist of two 
portions. It is shown that by assuming the pressure-time curve to consist of 
two exponentials of different slope, the experimental values can be reproduced 
with considerable accuracy, certainly with an accuracy which leaves no 
question as to the proportionality of the rate to the pressure, not to the 
square root or any other j>ower of the pressure. 

As in the case of the rate of sol^gtion of hydrogen at constant pressure by 
palladium foil where discontinuous curves are obtained, the two exponentials 
of different slope are accounted for by metallic allotropes. 

At pressures lower than 100 mm. the rate of diffusion becomes more and 
more slow, and is not apparently related to any simple function of the 
pressure. 



Tetapewtm, 140’ C, Xempemiure, 200^ C. Temperature, 
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Series II. 
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Approximately Permanent Electronic Orbits and the Origin of 

Spectral Series, 

By Geor(JK W. Walker, A.K.O.Sc., M.A., F.R.S., formerly Fellow of 
Trituty College, Cambridge. 

(Received October 30, 1914,) 

The electrodynamical theory which we owe to Loren tz and Larmor provides 
theoretically a logical and consistent scheme whereby the equations of motion 
of electronic systems may be formulate<l. But, unfortunately, even most 
simple cases lead to equations of such complexity that the attempt to deduce 
exact solutions must at present be abandoned since there is no mathematical 
maohiner}" available for the purpose. We have accordingly to make some 
simplifying assumptions, not strictly true, in order to obtain an approximate 
solution. In nmny cases, results are thus obtained which give a very close 
agreement with observation, and this is so far gratifying. But modem 
experimental work in radiation makes it clear that the phenomena have not 
yet been co-ordinated with the electrodynamical theory of electrons. 

It is reasonable to enquire if this is due to the failure of mathematicians 
to provide an explanation, whether because the approximations used are not 
accurate enough, or because the conception of the electronic systems con- 
sidered is not sufficiently general ? 

As indicating failure due to the use of approximate equations, it may be 
pjunted out that the neglect of radiation terms, or even their treatment by 
au approximation due to Larmor and Lorentz (valid in certain cases) is 
attended with oonsiderable danger, and in former papers to the Royal Society 
I have given cases in which such approximate treatment would give a quite 
inadequate notion of the effects to be expected. 

As regards the specification of an electronic system, it is remarkable that 
so many calculations take account of electrostatic forces only. In any attempt 
to deal with the phenomena of spectra it seems obvious that only a theory 
which takes account of magnetic and electromagnetic forces is likely to meet 
with success. 

Hicks has on several occasions insisted on this, and recently* he has given 
au illustration showing how lai^ the effect of internal magnetic force may 
be in affecting the motion of an electron. 

Conwayf has outlined a theory of spectral series, which appears to me most 

♦ ‘ Proe. Roy. Soc.,’ vol 90, p 866 (1914). 
f * Phil Mftg.,’ vol. 96, p. 1010 (1913). 
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important. My investigations show that some vital modifications have to be 
introduced, and that we then get results of a very promising character in the 
explanation of series in accordance with pure electrodynamics. 

A single electron carries a definite electric charge (whether of positive or 
negative sign) as a primary part of its constitution. It is also supposed to 
have a definite radius. Such an electron is capable of internal rotation as 
well as of translation, but comparatively little study has been made as to the 
consequences of rotation. It implies, of course, a magnetic moment, and 
some would thereby hope to explain magnetisation, I confess that I have 
no logical ground for shai’ing that hope, rather the reverse ; and at present it 
seems necessary to retain a true pfsrmanent magnetic moment, as part of the 
constitution of an electron. We need not on that account omit the possibility 
uf magnetic moment arising from rotation of the electron. It most, in fact, 
exist, although subject to variation of amount. 

The complete formulation of the equations of motion of two such nuclei 
might be made, but it is a formidable undertaking. I accordingly take a 
more limited problem. Although it is thus only an illustration, the results 
are worthy of attention ; and it may, like the artificial problem of a particle 
moving round a fixed centre of force, serve as a guide to real cases. 

(Jorresponding to the atom, which is supposed to l)e comjmratively massive, 
we shall take a nucleus of radius a, with a positive charge E, and a permanent 
magnetic moment /x. It is constrained to be fixed both as regards translation 
Hnd rotation. The motion we propose to examine is that of a particle corre- 
sponding to a corpuscle with a negative charge — e. We shall assume that it 
has no permanent internal magnetic moment and that internal rotation is 
neglected. The speed of the particle is to be small enough to admit the use 
of its invariable mass m. 

It will conduce to clearness if we begin by finding the motion which is 
possible wlien the radiation is neglected. Take the origin of co-ordinates at 
the centre of the positive nucleus and the z axis along the axis of magnetic 
moment. Further, let r, ^ be the polar co-ordinates of the moving 
corpuscle, and C the velocity of light. 

On account of the electric and magnetic forces the motion is characterised 

by a Lagrangian function L, where 

« 

1; « 1 (fs + 8in« ^ sin* 4-— * , 

til 7ivr mt 

when the corpuscle is outside the nucleus, from which we deduce an energy 
integral, 

i(i^+r*^+»’*8in*S^)— ss ji-* (a constant), 

mr 
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and an integral of angular momentum, 

= h (a constant), 

mr 

The equations of motion, whicli we require to ascertain if orbits are stable 
are 

T — T sin^ 6 ^-^ -f- sin® 6 (f > + = 0, 

7 sin 0 cos 2 — sin 0 cos = 0, 

at mr 

/ r® sin® q- ^ sin® ^ \ =0, 
at mr J 

Tlie equations show tliat there may be steady motions in circular orbits. 
If, therefore, we assume 

r = ro, 0 = a, = o), 

for the constant values, we get, provided « Itt, 

W + lfiiasO, o)il— aa - . 

mT(? rur^ wro* sin* a 

’ Hence = -2-^, Bin»a = - 4 —. 

mo) “ fid) 

Thus such orbits exist provided o> is negative and numerically greater 
than J-EC*/^, and if, further, ro is greater than a, the radius of the nucleus. 
This requires that niEC^a^leii* should be less than 1. 

A disturbance from a steady state may be examined in the usual way 
by assuming that r, d, differ from their steady values by smalb quantities 
proportional to 
We find that 

ain*«)±{(l+| 8 in»«)*- 38 in» 2 «}i] 

= J w* [(1 + f sin* «)+ {(1 - y sin * «)»+ 3 sin< «}»]. 

« 

Both values of X® are positive, so that if the orbits exist they are stable. 
When a == Jtt the equation is 

2 € 11(0 ^EC® 

0,2 SK j , 

mro^ mro* 

For displacements in the plane of the orbit varying as we get 



80 that for stability this must be positive. 




• < (3^/3 + 5), If this condi- 
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For displacements perpendicular to the plane of the orbit varying 'as 

^iXt 

X* 3= (B» (EC* + /M») (EC^ + 3 Aiw) 

(EC*+/*o>)* 

and for stability this must be positive. 

Hence with co positive the orbits are entirely stable, with ranging from 

« {(.V3 + 6) to o, , provided 

tionfis not satisfied, Tq ranges from « to cc , 

With w negative, the orbits are entirely stable with ro ranging from 

to 00 , provided < fi. If this condition is not satisfied, ro 

ranges from a to oo . 

So far we have etaaumed that the corpuscle does not penetrate within the 
nucleus of radius a. If it does, the equations change form, and we must 
make a further specification as to the interior. A usual hypothesis is that 
the charge is uniformly distributed throughout the sphere. I shall follow 
Conway in this supposition and further assume that the magnetic moment 
is uniformly distributed ; but in anticipation of an important point which 
will occur later, I shall suppose that the dielectric ratio of the matter 
inside is given by K, where K* = 0/C'. 

In order to secure proper continuity with the equations outside the nucleus 
we find that the equations inside are : — 


r — r sin* 0^^ — r (5a* — 6 7^) sin* 0^ -f 


^EC'* 




ma^ 


0. 


dt 


r*6J*-“r*8in:0 cos0^*— -^^**(5a*— 3r*) sin 0vjm0^ = 0. 


ma* 


d 

m 


{ 


r* Bin^0<f> -{- 1 ?’* (5 a* — 3 r* ) sin* 0 

ma^ 


}= 0 . 


There is a Lagrangian function, 

L = 4 + ain» + 4 •M.^»-*(5a»-3 ;-»)sin»0<i-4 

from which we can deduce an energy integral and an integral of angular 
momentum* 

There are steady circular orbits given by 

f s= ro, 0 ^ ac, ^ « w ; 

and if « we get 

eEC'* 


o,8+iif-«(5«*-6ro*)= , . 

^ ^ jna^ sin* a 




o>+2E(5ft»-3ro*) = 0. 
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_ lEO'V 


Thenoe 


tor(? sin^ « = — ^ ■ 


Thus, as Couway points out, all such orbits if they exist have the same 
angular mornentuji). 

For (UsturbauGo varying an we get 

= 0 )* cos^ a -H ) sin^ « (6 — 5 and 0, 

\yaa'7 

so that the orbits are stable as regards one type of disturbance and neutral 
as regards the otlier. 

The relation between >*o and a is 

. , 1 mY.CPa^ 1 

9 ■ cfi? ' {2r)/36-(5/6-roVa»)»}‘ 

. ^ . /5\* • a f 4 viEC/^a^ 4 «iEC'®a» 

As ro ranges irom « to / ~ j a, mn^ « ranges from — . s — tx) — . s— ' 


24 «•/*» 26 e/a* 

Sin®« then inoreases to 1, 

while ro der ises from to j^5-(25-4^~^f j- 
Clearly the orbits are possible only if — . — 

When a = i TT we get the condition 

•> I /C 2 £* fi\ 

W-H — — 6v) = 

ma^ nia^ 

6 6 

For disturbance in the plane varying as we get 

For disturbance perpendicular to the plane 

Thus stability is secured if the latter quantity is positive. The possible 
range is as follows : — 

1 «/*_._ //I «/* \* «EC'»'I » 

" ’ 


(“>+— ol 


y+(-^y 

75-6^y 


^ a*/. 


\ a*/ 


ro = a. 




eEC^« \* 

.wy».S / * 


5 «M^r/5 ^\».eEC'*V 
” ”2 * \l2 • W- 1 • 


ro = 0 
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6 

II 

. ft) is negative and = — « . / / 

” 2 mtv^ 

'5 eEC'ns 

v2 " 'ma^j ma^ j 

li 

• „ 

\ ma^ } 


Vo = « 

. (O „ „ 

= 1 

2 * VI \\2 

^ gEC^n * 

mas/ '»««* J 

.For positive values of m the orbits are stable since ro<a, [while for negative 
values of m we must exclude the rang© for which m lies between - 


. IiL+ . 

2 VI 

f/5 

L\2 * via^J ma^ J 

J 

and 

5 e/j. 1 

2 ‘ wwr* 1 

or. «EC'»i 

L. v2 * tna'^ J 

4 


These results may usefully be made inore geueral by assuming that the 
total magnetic iiKiment consists of two parts, and /xg, where /xi -f /ta = / 4 . 
If the part fi\ is uniformly disturbed tliroughout as before, while /ia is 
coniined til the surface, the effect of the latter is to superpose a uniform 
field within the nucleus. The equations for the cinmlar orbits of equal 
angular momentum are now 

mw^ vui^ nui^ * 


(wrt^^sin^a = 


1 






The general character of the orbits is nob altered, but the necessity for this 
subdivision will become apparent when we attempt to fit our final results 
with observation. 

It will now be convenient to consider the magnitude of the quantities 
involved, and for the moment it will suffice to take the order of magnitude 
only without entering on precise numerical estimates. 

Thus let us take E = c = ejm = lOh — 10“^h a = 10"^ C* = 10*^. 


The quantity 


ffiECV 

e/4^ 


is thus of order 10*^, 



ma** 




10 “ 


Thue, if K is unity, it is clear that the stationary orbits with constant 
angular momentum discovered by Conway cannot exist for the given 
^tem, and although the equatorial orbits do exist, it will be noted that 
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the frequency varies so little within the nucleus that the explanation of 
series on these lines would fail 

It would hardly be considered expedient to suppose that /i is any large 
multiple of the above value, an*d the alternative course of reducing a to 
a small enough value (of order 10“^^) to make the orbits possible, carries 
with it, as a consequence, that the angular momentum in the orbits is but 
a small fraction of the value known as Planck*s unit. Nevertheless, the 
theory outlined by Conway gives such good promise that a method of 
escape from the difficulty just raised is worthy of consideration. 

We may suppose that the charge of the nucleus is not uniformly 
distributed, but is chiefly concentrated near the surface. This hypothesis, 
or, as an alternative, the hypothesis that the material has a large value 
of K, would enormously reduce the electrostatic forces inside the nucleus 
and so make the orbits possible. We can still obtain frequencies of the 
proj>er order, and, moreover, now with a suitable range by taking a of 
order But it must be carefully noted that the angular momentum 

now has a value very small compared with Planck’s value. As already 
stated, I think we are required to retain the view that the magnetic 
moment of the nucleus is permanent and does not arise from rotation.^ 
It is also desirable and permissible to retain 10“^ as the effective radius 
for external purposes, and to regard as the radius of the region 

within which the orbits are possible, whether as a consequence of small 
electrical density or of a large value of K. 

The form of the meridian section of the surface on which the particles with 
the same angular momentum lie is of interest. Taking the simpler case in 
which is undivided, the curve consists of two branches with a cusp at 

ro If is just a little less than unity, the orbits are 

rather close to the equatorial plane and within a narrow range n = 0’9« to a* 
The values of «, which are negative, range from two to two and a half times 
which is hardly enough. On the other hand, if is 

small the orbits lie rather close to the magnetic axis of the nucleus and range 
from ?o = 0 to a while a> ranges from two to five times which is 

more suitable. The frequency of a disturbance is not in general a>/27r, but 
pu the latter assumption the difference is small. Anticipating a result which 
will appear, when we take account of the radiation, that only for certain 
series of values of ro/a are the orbits , approximately permanent, we got a 
promising explanation of certain spectral series. B\it there is one weakness. 
For a given value of ro there is but one frequency of disturbance. Thus 
the series of lines can have no structure, although they probably have general 
diffuseness. 
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The equatorial orbits, although they have not all the same angular 
momentum, may supply the deficiency. Corresponding to a given value of 
there are two values of < 0 , and, within certain rtmgea, both are stable. 
Further, for each value of <0 tliere are two frequencies of disturbance. Thus 
the series may ho expected to give fourfold structure. The formulae in this 
case cannot, in general, Iks put in the simple form which obtains for the 
orbtts of same angular momentum, and wliich agrees so closely with the 
empirical formulae Within certain limits, however, approximate formulae of 
the empirical type would be valid. 

We now proceed to consider the effects to be expected on account of 
radiation from the particle. Since it moves iti a region of electric and 
magnetic force in phase with its own, the usual assumption that it radiates 
proportionally to the square of its resultant acceleration is not applicable. 
The forces arising from the radiation going on both inside and outside 
the nucleus entirely modify the problem. It appears that certain of the 
stationary orbits are picked out in series as having definite frequencies, and 
for these the radiation is comparatively small. These orbits may then 
continue to exist for a long time (optically), and so manifest their existence 
in the spectrunj. The intermediate orbits are not permanent and the 
radiation is considerable. They must, however, take part in the process 
by which the radiation from the more permanent orbits is maintained, and 
some portion of their radiation will be exhibited outside the nucleus as 
lldntgen radiation of short wave-length (determined by the outer radius of 
Ihe nucleus). 

These results may be deduced from the fundamental equations. 

It may bo recalled that Lamb* investigated the behaviour of a fixed sphere 
of atomic dimensions a = lO”* with a large dielectric ratio. He shows 
that series of vibrations of optical frequencies may arise and that the 
damping is very slight. Although Lamb's series arc not in agreement with 
the empirical fonnulae for observed series, I have for some time entertained 
the view tljat some simple modification of the vibrating system would give 
the empirical forms. In 'Phil, Trans.,' 1910, I obtained extensions of 
Lamb's equations and showed that, in addition to the optical vibrations, 
there was one rapidly damped vibration of wave-length comparable with 
the circumference of the sphere 2irl0***. When the paper was written we 
had no knowledge of the wave-length of Eontgen radiation, but it is known 
now that it is of this order. 

Returning, now, to the problem before us, the motion of the particle will 
set up radiation both inside and outside the nucleus. That radiation, as well 
♦ ‘Oarnb, Phil. Trane.,* Stokes Commeworation Volume, 1899, 

YOU xet— A. 


P 
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as the excititig radiation, can he represented in terms of disturbances of 
electric and inagiietic type, arising from harmonics of different orders. 
These produce reactions on the moving particle. Complete formulation 
might be mnde but is hardly yet justified. It will be simpler and clearer 
to confine attention to the first-order terms, 

Tahe first the first-order disturbance of electric type with axis along the 
magnetic axis of the nucleus. The expressions for the electric and magnetic 
force inside are (/or, cit. ante, p. 174) — 

a, Y, Z) = ^(0, 0, -1) + + + 

+ y, 2) + Sr + Z (^, + ^,)). 

K~i{a. y) = ~{-y,x, 0) {r + + 


where = >p-i(C7-r), = >f'2(C'<+ r). and = 0. 


Since K in to be taken as very large, the reaction on the particle dei>ends 
almost entirely on the dynamic force arising from (a, 7) ou the velocity 

(w, y, since the electric force is small in comparison. 

Thus the additional terms to be introduced in the equations of motiori of 
the particle vary as + These will vanish ami the 

stationary orbit will be permanent for that type of disturbance if r is 
selected so that 


Hence, taking ^|rl = ^grtKiA(C'/~r)//i^ ^ condi- 


tion 

The roots are 


tanK*\r/a = I0Xr/a. 


i KiKr/a = 1-4303. 2'4o90. 3-4709, 4-4774, 5-4818, 6-4844, etc., 

TT 


and the higher roots are nearly 




TT 


In order to satisfy the boundary eonditions at the surface of the nucleus, 
is determined by 

Since K is large, the real parts of the roots are very nearly those of 
tan Kii\ s* K^K, while the imaginary parts are very small. There is also the 

special root \ = ~±JV3' 
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Thus -K*X, has the values already pven for -- K*X-. Hence rfa may be 

IT TT tt- 

given seines of values, vi/., 


rfa = 1, 

1-4303 

etc.. 

1-4303 

... 0; 

2-4590 ’ 

' ••• 

rfa = 1, 

2- 4590 

3- 4709 ’ 

etc., 

2-4590 
w+i ’ "■ 

... 0; 


and BO on. 

Our argument, then, is that at these distances the corresponding orbits are 
for optical purposes of considerable permanence for disturbance of this type, 
and so give rise to series, while intermediate orbits, being soon deranges! by 
this type of disturbance, give no optical effect. 

The orbits of equal angular momentum are given by 

7na'^ \ J 

where /ia-f = /i and rja may be given the above series of values. Thus, if 
the conditions are such that the orbits lie close to the axis, the frequencies of 
the lines in the scries are 

„= = ‘'a+A . ia/i -2 . riY 

27r 2vr ma^ 27r 5 a*/ 


The head is v = - and the tail is v 

TT ina^ 27r nmz 


6 efLi __ 1 efi2 . 
Stt * nid^ 27r 


Towards the tail the values will bo approximately 

2*rr * 27 r * \ ' 

where S for the different series has the values 


(1*4303)» (2*4590)» eU% 

Near the head the more exact values must be introduced in place of (fi -f i)*. 

If, however, the orbits approach the equatorial plane, and we consider also 
equatorial orbits which are not edl of the same angular momentum, the 
formula, although having the same general features, cannot be accurately 
expressed in so simple a fom, and, moreover, limits are set to the possible 
number of lines. 

We next consider the first-order disturbance of magnetic type* The field 
is given (as at foe, ciL ante, p. 187) by 

(X, y, Z) » ^(y, 0 ) + 


+^-(a-’>y.*) (V^i"+^sO+3r (^i'— 
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As before, the reactions on the particle arise chiefly from a, 7, and are found 
to consist of terms proportional to 

and t<.> + 

They will vanish only if 

tan K^Xr/a = K^Xrfa and tanKi\r/^r = 

' ' ' 1 — KW/a“ 


We cannot in general satisfy both with the same value of r, but it may be 
noted that for orbits near the axis it is more important to satisfy the first 
condition, while for orbits near the equatorial plane the more important* 
condition is the second. We may therefore expect approximately permanent 
orbits. If they are near the axis we have the series 

-K4\?’/« = 1-4303. 2-4590 „+^_ 

TT TT^ 

while, if they hiv near the equatorial plane, we have 

i Ki\r/a = 0-87334, 1-9470, n~ln-\ 

TT TT^ 


In either case the values of are determined by the equation 

tanKtX == 

1 — K(l — iX) 

and, since K is large, the roots are practically 

i K^X = 1,2,3, n, 

TT 


while the imaginary part is small. 

There is the 8j)ecial root X =: t which corresponds to a rapidly damped 
disturbance of exjionential type. 

We thus exi)ect approximately permanent orbits, those near the axis 
being given by 

T 1A303 

_ zs where n is an integer not less than 2, 

an ® 


r _ 2-4590 

a n 




»> 




3, 


and HO on. 

On the other liand, if they are near the equatorial plane, rfa takes the 
values 

r 0-87334 . u • * *, 

« = ^ where n may now begin at 1, 


r 

a 


1-97470 


2 , 


and 80 on. 
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Gorrespoiwling to thefte we have, if the orbits are close to the axis, series of 
the usual Balmer type. The first series is giveu by frequency, 

(1-4303)^ \ 

27r 27r ’ 2ir ‘ ina^ \ 5 ' ?? J * 


For those near the equatorial plane we should have to use the expressions 
involving square roots, and limits are set to the number of lines. 

We may expect these series of magnetic ty]>e to be more diffuse than those 
of electric type. It is, of co\irse, obvious that disturbances of higher order 
may arise, and that the series only have approximate permanence, since those 
selected as j>ermanent for disturbance of electric type are not permanent for 
disturbance of magnetic type and vice versd. This, however, suggests a basis 
of explanation for the presence or absence of certain series according to the 
source of excitation. And it may be noticed that while the two types of 
series cannot exist together, they might both4)e exhibited photographically if 
the exciting disturbance changes at optically long intervals from one tyj)© to 
the other. 

Wo may now compare with observed results the simpler formuhc which 
hold when the orbits lie near the axis. They appear to have a direct appli- 
cation to certain cases, although we ought not to lose sight of the more 
complex expressions arising from equatorial orbits, which probably have a 
wider application. 

We have, then, the various aeries of Balmer type, of which the first is 
given by 


V 


JL ia /i_? 

27r ‘ ma^ 27r * L 5 


n* J 


2, 3, 4, etc.), 


and the eeriee of more general liydberg type, 

„ _ _ . L SJi?. J J _3 (l-4303) »\ 

27r * ma** 27r ' ma? \ 5 ‘ p* J ’ 

in which p takes the values 1'4303, 2'4590, etc., while the higher values 
approximate to the well-known form n-f-J, where n is an integer. It may 
prove crucial that the lower values differ considerably from m + J. 

For general exploratory purposes it may be useful to note that the 
numbers, 

(l-4303)», (2-4590)», etc., 
are very nearly the whole numbers 

2, 6, 12, 20, 80. 42 «(» + !), 

although for exact oomparisou these would not be sufficiently accurate. 

If we write pi » (1— i)/a, pa — kp, where ^ < 1, we find that the tail of 
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5 eiL\ (5— 6 A) 

both the Balnior and Eydberg series is the same, viz., v-. “ . 7 * • * Vr; — rl* 

2ir map 5(1*^«) 

and since we cannot admit a negative v%lue k must be When the value 
of k is determined, we must take the heads of the series (in general 
different) as the last one which keeps v positive. For a positive value 
of 0 ) means that the corresponding orbit of the same angular momentum 
is impossible. Its place is taken by a correspouding extension of the region 
of possible equatorial orbits. It would seem fairest to suppose that our model 
corresponds to the elementary hydrogen atom. 

In his recent Bakerian lecture, and in a private letter to me, Prof. Fowler 
now entertains the view that the hydrogen spectrum contains only series 
expressed by Balmer^s formula, and that the extensive series of lines 
formerly* attributed to hydrogen are better represented by an extended 
Balmor formula, and do not repyesent hydrogen. I adopt his view, as I feel 
that this matter of arranging lines in series is one which can only be under- 
taken with advantage by those having intimate personal experimental 
knowledge of the spectra. 

Eydberg^s constant in wave numbers is 109675, which we may call K 
The (jueHtion now arises, which of the series of Balmer type in our formula 

is the one which gives N ? That is to say, shall we take A . as 


oT T N . 3 X 1 FT . 3 x 10*^ or etc. ? It makes no difference 
♦i (^l’4aUo)* 3 (*‘4590 r 

to the sequence of differences obtained or to the tail of the series, and the 
only effect on the principal series is to strike out in succession the lines at 
the head. 

Thus, i( we take ^ . x 3 x lO"* = 89352 x 3 x 10>«, and 

2ir ma« 3(l.-4303>» ' 

try to represent the experimental wave numbers 15237,20570,23038 27423, 

5 — 6/fc 7 

we get ^ 89352 =• 27423, or g nearly, and the principal Balmer 


n 2. 3. n 4. n » 5. n ««• oo , 

4, 15239, 20568, 23036 27423. 


If we take 


we have 


® a X 3 X 10“ = 30230 X 3 x 10“ 

27r 3(2-4590)» 

X 30230 * 27423, or * = i , nearly, 

5(1— &) 3 


* * Monthly Notices. E.A.S.,’ vol. 78, pp. 67 and 68. 
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aud the principal Balmer series is exactly as before with the first member 
4 struck out. I cannot guarantee the accuracy of the fifth figure. 

If our view is correct, we ought to expect that, under certain circum- 
stances, there should be a series approximating to the ltycU)erg type. 
Whichever of the two cases above we select we get the following vaUies ; — 

0285. 18310, 21952, 23773. 24815, .... 27423. 

Subsidiary series of both ty]>es are to be expected and may be computed. 
These differ according to the assumption as to the principal series, so that 
(Uscriminatiou may be possible ; but it is clearly more important to settle the 
question of the first series of llydberg type. 

If now we take ejm = 1'7 x 10*^, fi == I‘8 x 10“®^, the first supposition as to 
the Bydberg constant gives a = 1'2 x 10“"*^ and the second a = 2*6 x 10“*^, 
the distribution of fi differing iu the two cases. The angular momentum of 
the particle cannot exceed 4 x lO-'^ of Planck’s unit 6 8 x 

We may summariHe tlie results by saying that within a nucleus possessing 
the usual positive electronic charge and possessing fixed magnetic moment of 
the value attributed to the magneton, we may have approximately permanent 
orbits of corpuscles with the usual value of ejm which give rise to series of 
spectral lines of recognised tyi)e. They are probably diffuse and have no 
structure, K(|uatorial orbits also give rise to series of tlie same general 
character. These are not expressible in so concise a form; tlie number of 
lines is limited and may be expected to possess a fourfold structure. 
Here we may consider the question of the Zeeman effect. The form of 
equation for the equatorial orbits shows at once that the Zeeman effect 
of the usual type may be expected to arise, But the orbits of the same 
angular momentum, although affected by an external magnetic field, 
do not give structural Zeeman effect, hut only an additional general 
diffusenesB. 

The radius of this nucleus required to give suitable optical values is of 
order 10“^®, which is considerably smaller than the usual estimate of the 
atomic radius. 

The wave-length of the rapidly dampe<l disturbance coinnumicated by 
this nucleus to the exterior is 47ra/v/3, which is rather smaller than the 
value assigned to characteristic Bdntgen radiation. It is, however, not a 
little curious that the wave-length of the radiation from a corpuscle just 
outside the nucleus comes out about 2x 10”**, and this is sufficiently near 
observed values. ^ 

The eifective radius of an atom for external purposes is, as we liave said, 
usually estimated at about 10*®. 
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Our results would not be affected if there is an outer shell extending 
to this distance, provided the inner nucleus is admitted. But one would 
prefer to have only one radius in specifying the atom. The value 10“* 
depends largely on the kinetic theory of gases for hard spheres, and is 
admittedly rather weak. It is conceivable that some explanation is possible 
depending on the range of possible external corpuscular orbits at a given 
temperature. Meanwhile it is a point requiring consideration. 

It may be added that, when the nucleus is free to move, corrections will 
be introduced in the forniulfe we have obtained which depend on the mass of 
the nucleus. 

Sir Joseph Larmor has very kindly discussed these results with me, 
and has suggested several important improvements of staterneut that have 
been adopted. 


Eleciromagnciic Waves in a Perfectly Conducting Tube. 

Hy L Sri.BKUSTRiN, Ph.I)., lecturer in Natural Philosophy at the University 

of liome. 

(Communicated by Prof. A. W. Porter, F.R,S. Received December 5, I914-) 

The problem of waves in conducting tubes has already been treated by 
various authors,* Nevertheless, the solutions here proposed, offering certain 
peculiarities with respect to the velocity of the corresponding waves, and 
partly also with respect to the shape, and distribution of the lines of force, 
seemed worthy of notice, 

Ivet r be measured along the axis of an infinite right cylindrical tube of 
circular section. The material of tlie tube is assumed to be a perfect con- 
ductor, its interior being empty or filled with air. The electro inagne tic- 
waves will be assumed throughout to be axially symmetrical and of per- 
manent ty[>e, i.v, to cf)nserve all their features while proceeding along the 
tube. 

If r be the distance of a point from the z axis, further, R and Z the 

* J. J. XhotuKon, 'Recent BesearcheH in Electricity and Magnetism/ 1893; Lord 
Rayleigh, 'Phil. Mag./ vol. 43, p. 1^6 (1897). i B. H. Weber, 'Ann. der Phyaik,* voL 8, 
p, 721 (1902). Alt account of the ex|>eriinental investigations by v. Lang, Drude and 
Becker will be found in a |iaper by A. Kalkhne, ‘Ann. der Physik,* vol. 18, p. 92 (1905). 
KaliiUue’a own theoretical investigations oon.oern only a ring-shaped tube. 
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transversal and the longitudinal componentB of the electric force, M the 
magnetic force, and tlio velocity of light in vacuo, then Maxwell's equations 
are ; — 

3(rZ) 3 / ii/i\ o(r]|) 3 . 

|<,Z) + |(rH) = U, 

3M_ ./>iZ_3K\ 
dt VS/* Wz / * 

The lines of magnetic force are circles normal to and centred on tlie axis of 
synniietry, M being reckoned positive when the magnetic line is in the right- 
handed screw relation to the axis of positive z. By axial synunctry, M is 
constant along each magnetic line, so that the corresponding solenoid al con- 
dition is already fidfilled The lines of electric force are wholly contained 
in the meridian planes. 

The first three of the above equations are satisfied, in the well-known 

^ o 

= rR=-^. (I) 

dr oz c ot 

and the fourth e<iaation gives for known as Stokes’ current function, the 
ditlerential equation 

O'* dr oz^ or \r cr / 

The equation to any line of electric force is ^ = const. It is convenient 
to introduce an auxiliary function such that 

( 2 ) 

Then the equation for is 



The only condition yet to be satisfied at the surface of the tube is Z =r 0, 
Le, d^fdr ss 0, or 

a being the radius of the tube’s section. 

Thus, the most general a-xially symmetrical electromagnetic field in a 
perfectly conducting tube is given by the function ^ satisfying (3) and (4). 

Let us now require that the waves should be of a permanent type, i.e, that 
the whole network of electric and magnetic lines should move along the 
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tube, with a constant velocity v, without being deformed. This amounts to 
writing 


where ^ = z^ vt^ the value of v being thus far left undetermined. Under 
such conditions it is enough to consider the state of things at one single 
instant, say, ^ 0. Thus equation (3) will become 



and the surface condition (4) will assume tiie form 



for r = a. 

But the case of critical velocity, v = c, must obviously be discarded. In 
fact, it would lead at once to = rd 4 >lSr i= g {z\ where is a function of z 
alone, and consequently to Z = 0 and E = — 9X^)1'^% which is incom- 
patible with the conditions of the problem, unless //' = 0, when there is no 
field. Thus, the only possible waves of the specified kind are characterised by 

V # 

The surface condition becomes, therefore, 



Equations (Sa) and with v c, contain the most general axially 
symmetrical waves of permanent type. 

Out of these let us consider such only as ore simply periodic in time, and 
therefore also with respect to s, that is to say, let us take ^ of the form 

= sin (mz) w (r), (5) 

where m is any real constant, and <o a function of r alone. Write 

K ( 6 ) 

X = icr. (7) 

Then (3a) gives for q> Bessers differential equation, of the zero order, 


cPctf , 1 , 

djr* * dx 


to 


0 , 


( 36 ) 


and the boundary condition (4a) assumes the fonn 

0 (m) s=s 0. 

The well-known general integral of (3i) is 

0 sst' AJ (a:)-f BK (x), 
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where J, written shortly for Jo, is Beasers function of the firat kind, of the 
zero order, and K, Bessers function of the second kind,* while A and B are 
arbitrary constants. On the axis of the tube J remains finite, J (0) = 1, 
hut K becomes infinite for x = 0. We are thus i*eduoed at once to 

^ = A sin (wz) J («r), (8) 

with the condition J (m) = 0, (9) 

The latter equation determines the admissible values of k. 

Now, all the roots of the transcendental equation J (x) = 0 are real ; 
therefore, by (6), and since m has been supposed real, the velocities of transfer 
along the tube of the corresponding waves will all be greater than the velocity 
of light, i.e. 

V > c 

for tjach of the roots. This constitutes a peculiar feature of all tlio waves of 
the specified kind. 

Let us denote the roots of the equation J (r) = 0, arranged in the order of 

ascending value, by xi, etc., in general by .r,-; thus, to five decimal figures, 

wi = 2*40483, = 5*52008, = 8*05373, etc. 

Then the corresponding values of k will be 

= (10) 
a 

whence, for any prescribed w, the corresponding value v = r, will follow. 

It will be remembered that (8) refers to a single instant, ^ = 0. Fcr any 
t, the variable has simply to be replaced by J* = « — v(. If T l>e the perietd 
of vibration, and X 'wT, the corresponding wave-length, 

mv VI 

It will be convenient, henceforw’ard, to consider the time-period of vibra- 
tions as given ; or what amounts to the same thing viv, and not vi itself. On 
the other hand we are given k, by (10). Eliminating vh from the equations 



we obtain the set of velocities in terms of T alone, 





* A known expansion of thia function, for complex values of x, in 

K(*) = J(<»)[log|+|+c]-2J,(*)+J.(*)-iU,(*)+..., 
where 0 0«77... . 


(H) 
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whence also w,* = 27r/T^^, and 

<f>i = Asin (Wif,) J , fi = ; (12) 

and therefore also, by means of (1) and (2), tlie corresponding electromagnetic 
field in the tute. 

There is thus, generally speaking, for every given period T, a whole series 
of differently shaped waves which will proceed along the tube witli different 
velocities, without distortion. These, corresponding to the roots 

...,aiid to the given period T, may be called waves of the first, the 
second, etc., order, respectively. 

I.et be the normal wave-length, Le. the wave-leugtli which would corre- 
spond t(» the given period in free space, and let e be the ratict of this length, 
Xo — eT, to the ciitjumference of the transversal section of the tube, 

£ = Xo/2to. (13) 

Then tht* velocity of the corresponding wave of the tth order will be 

= (14) 

The lower limit of which is approached when e shrinks indefinitely, is 
tlie velocity of light, c, while there is no upper limit to t?,*, whose value grows 
indefinitely when e tends to l/,'r». Notice that for e we should have an 
imaginary tv, so that sin and cos would degenerate into products 

of trigonometric and of ex])onential functions, and taking either their real or 
their imaginary parts, the resulting would increase indefinitely along the 
positive or the negative axis of Such solutions, therefore, must be pliysically 
rejected. 

If the order (t) of the waves be given, we are confined to such vibrations 
for which the value of e does not exceed 1/xi. Conversely, for any given 
value of the ratio e = Xo/^'ira waves of the specified kind are possible only 
up to the highest order, for which 

T,<l/€. (15) 

Thus, for e = O'l (i.r. for Xo 0’628a) we liave only waves of the first, 
second, and third order, since the fourth root of J (a:) = 0 is greater than 10, 
to wit, a:4 = ll’7915. For 6 = 1/30 we would have nine different waves 
(since ,xv * 27’4035, xio =; 30-6346), and for e = 0 01 as many as thirty-two 
waves of different orders (.^33 = 99’7468, ^ 102*8884). For 6>l/«i, t.6. 

roughly for 

6 >0*42, 

there are no waves possible of the kind here considered. 

Keeping this in mind, let us ooitsider the field corresponding to any 
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particular solution of the form of (12). Omitting, for the sake of brevity, 
the suffix i everywhere, with the exception of itself, we have, by (2), and 
remembering that J' {x) ^ — Ji(a;), 

sin (»«?). (16) 

a \ a } 

so tlmt the equation to any line of electric force, say, for / = 0, will te 

sin (m 2 ) nil ] =: C, (17) 


whore C is a constant. The state of things at any instant t will be obtained 
by simply shifting tlie whole network of lines of force a distance vi along tlie 
axis of the tube. 

The electric and magnetic forces will te, by (1), and by (3r/), 




. mxi . 

K = A — :co8(m 




M = -R = R(l-eW)"*, 


(18) 


where e = rT/27ra, as above. For r == a, tlie longitudinal electric com- 
ponent Z is nil, as it should be. The radial electric component R, although 
proportional to, is generally different from the absolute value M of the 
magnetic force ; they become approximately equal to one another only for 
relatively short vibrations a!id for not excessively high orders (t) of waves. 
The densities of the electric and of the magnetic energy are, generally 
s{>eaking, not equal to one another. In short, the waves under consideration 
are nqt pure waves. At the axis of the tube, t.c. for r = 0, J = 1, while Ji 
vanishes, so that, for any axial point, 

Z = - A sin (TOf), 11 = M = 0. (18a) 

Thus the axis of the tube is itself a line of electric force, or, more exactly, 
a chain of such lines of intermittently positive and negative sense, each of 
these straight lines of force stretching over the length c,g. between pairs 
of consecutive points defined by 

s* nw, («+l)iir, 

where m ie any integer. All of these are neutral points, points of vanish- 
ing electric force (E =* Z =* 0). They share, of course, in the motion of the 
whole fidid with the velocity v 

From (18) we see also that the axial eleotrio component Z vanishes for 



176 


Dr. L. Silberstein. 


sin (mf) ss 0, for all values of r, while the radial component assumes the 
value ±Aww7,*Ji//i. Thus, all the radii of each crossnseotiou of the tube 
passing through a neutral point aie again lines of electric force, viz., corre- 
sponding to = C = 0. These are the only transversal lines of electric 
force. 

By the aid of formula (17) a set of z values corresponding to different 
values of r/u, from 0 to 1, for different C's and presc^ribed values of exi, can 
easily be calculated and plotted against one another. In this way the 
following pair of figures has been dmwn.* In both of them the scale used 
for z is the same as that for r, and both refer to t Xo/Sttu = 0*1. 

Fig. 1 shows the lines of electric force for waves of the fa'd onUr, Le, 



for cci = a?i % ^*406 ; the diagram stretches over a whole wave-length, 
Xi =r vjT 0*647a. The neutral electric points are marked by small circles. 
Fig. 2 gives the lines of force for waves of tJie second m*der, Le. for 

♦ Fig8. 1 and 2 aie reproduced from the author’s treatise on * Klectricity and 
Magnetism * (Polish), vol. S. Warsaw, 1910. 
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6‘520. The corresponding wave-length is \» — vjT = 0'763«. In this 
case we have neutral points not only on the axis and at the suriace of the 
tube, but also on the straight line r = 0’694«,* parallel to the axis, the 
segments of this line being again lines of electric force. Moreover, there is 
a neutral jwint between this line and the axis, in eaoh of the complete 


TUBE WALL 



rectangles. Eaoh of these points, being rotated round the axis, gives rise to 
a circular neutral line, of course. 

In the case of fig. 1, the argument xirfa moves within the limits 0 and 
2‘406 ; in this interval the function Ji does not change its sign, and the 
system of electric lines of force is correspondingly simple ; none of them is 
closed, each begins and ends at the surface of the tube. In the case of the 
waves of second order (fig. 2) the argument of Ji, i.e. a^fa, moves within 
oonsidembly wider limits, from 0 to 6'520, between which Jj undergoes a 
single change of sign, thus giving rise to the supplementary neutral points at 
the distanoe 7a/ 10 from tlie axis (in round figures), and originating two 
. * This being a rest of J] (»•»,/«)!>« 0. 
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rectangles of breadth X 2 / 2 , one, based upon the axis, of height 7a/ 10, and 
another of height 8^/10, extending to the surface of the tube. In the former 
rectangle all lines of force are dosed, while in the latter rectangle all of them 
begin and end at the surface of tlie tube, as in the case of fig. 1. For waves 
of the third and liigher orders we would obtain more sucli rectangles, in 
correspondence to the number of changes of sign exjwienced by Ji in the 
intervals from 0 to x^rja, and so on. But this would not introduce any 
essentially new features into the system of lines of force. The above twc> 
figures will therefore be sufficient. 

Returning to (18), we have, for the axial and the radial components of the 
flux of energy, = cRM, Fr = — cMZ, 

Fr = -vliZ = 

the argument of both the Bessel functions being XiTja, Instead of mv we 
may write here 27r/T. Since Ji = 0 for r sr 0, the flux of energy vanishes 
at all axial points. At the surface of the tube Fr = 0, as it should be. 
Remembering that the lines of energy flux are* everywhere orthogonal to 
those of electric force (and contained in the meridian planes), the reader can 
easily draw them for himself. It may be interesting to notice that, whereas 
the radial flux is now towards and now away from the axis, the axial flux of 
energy, F^, is always positive (for t’>0), i.e. always in the direction of transfer 
of the waves. 

Substituting in the general formula (14) the value 1/10 for e and the 
quoted numerical values of we obtain, to three decimal figures, 

vi = l‘030c, Vs =s l‘199c, 

for the velocities of the waves represented in figs. 1 and 2 re 8 i)eotively. For 
€ = 1/10 there exists but one more wave of the specified kind, viz., that of 
the third order, corresponding I 0 .X 3 =: its velocity is nearly twice that 

of light, more accurately 0 ' 

rg = l*906c. 

For suflloiently smaller values of e we would obtain more waves of different 
orders, to which greater velocities would correspond. All these waves, 
corresponding to a fixed value of e « c T/2Tra, can be superposed ; but, their 
velocities being different, the resultant wave will, of Course, split at once into 
its components. On the other hand, a compound wave of permanent type 
cim be obtained by the superposition of an indefinite luimber of simple waves 
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of both different periods T and different orders, subject to the condition 
ss const., the components thus defined constitut* :::g a discrete set. 

Finally, we may have a superposition of a continuous manifold of simple 
waves, (12), of a fixed order, say n, but of different periods T, ranging over a 
continuous in terval 0<T<27ra/cr,>. Then the resultant train of waves, while 
moving past the tube, will undergo continuous deformations. The train of 
waves as such has no unique velocity, but we can in this case speak of the 
group-velocity, 

v = (20) 

in the neighbourhood of any given value of wave-length \ i;T, By (14), 
0 can be written, in terms of X, 

= + ( 21 ) 

where «« = ,rn/27ra is a fixed magnitude, whence, by (20), 

V = e/v/(l + «A^). (22) 

Thus, altliough for each individual component v>c, the group-velocity, in the 
vicinity of any value of X, is smaller than the velocity of light in free space. 

A superposition of this kind can be used to represent a wave of discontin- 
uity or a thin electromagnetic pulse or " liontgen wave/* provided that these 
are axially symmetrical Such a wave, supposing that it is neither being 
split into two or more nor dispersed, can propagate itself only with the 
velocity c ; this property belongs to each surface-element of the wave, taken 
separately, and is therefore independent of any boundary conditions.* In our 
present case, a surface of discontinuity, if produced in the tube at a given 
instant, would disperse at once, since its component simple waves have 
different velocities. A thin electromagnetic pulse, while moving past the 
tube, would be broadened or drawn out. Accordingly we should expect that 
“ bard ” Edntgen rays (of axially symmetrical structure), sent through a con- 
ducting tube, will be “ softened.” I do not know whether experiments to 
that purpose are worth undertaking. 

* Cf. * Atm. der Phywk,* vol. 26, p. 751 (1908) ; voL 29, p. 523 (1909). 
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The A7ialyHk of Gases after Passage of Electric Discharge. 

By A. C. G. Egehton. 

(Communicated by Prof, J. N. Collie, F.R.S. Received June 10, 1914.) 

Introduetion. 

It been found by Collie and Patterson* that, aftei' the passage of the 
'dec trie discharge through pure hydrogen in a vacuum tube at low pressure, 
small quantities of helimu and neon could bo detected in the gas pumped out 
of the discharge tube. These gases were shown not to be present in the 
hydrogen which was let into the discharge tube. They must, tlien, eitjjer 
originate from — (i) occlusion of air in the glass or electrodes, or (ii) from 
the outer air during the experiment or the subsequent analysis, or (iii) be 
actually ft)rmed by some transmutation process due to the action of the 
discharge. In the latter case the seat of the effect of the discharge may be 
at the solid electrode, glass walls, or in the gas itself. The experiments of 
the above authors appear to show that: — 

(i) The gas did not originate from occlusion in the electrodes or glass walls, 
because these gave no such rare gases on solution and subsequent analysis of 
the gases. 

(ii) Tlie gases did not enter from the outer air, because similar effects were 
obtained when the tube was jacketed by another tube, the space between the 
two l)eing evacuated. Sometimea, also, only helium was obtained, whereas 
neon would l>e expected if air had leaked in. 

(iii) The gas was not formed by some change at the electrodes, as similar 
effects were obtained (though to a lesser extent) by means of an electrodeless 
discharge. 

The result of the work indicated, then, that the hydrogen (or possibly the 
glass tube) had in some way been affected by the discharge, so as to obtain 
helium or neon. It is noteworthy thatiJ^ositive results of the production of 
Ho or Ne are only sometimes obtained. J, J. Thomsonf had noticed that 
helium lines were always very marked in the positive ray spectrum produced 
during the bombardment of metallic substances by cathode rays, when only 
pure hydrogen had been allowed to enter the discharge tube. He favoured 
the view that the metallic electrodes were responsible for the production of 
the helium, and that it might have been formed by slow radioactive processes 
/ind only liberated by the cathodic bombardment. Subsequently the Hon, E. 

♦ *Ohem. 8oc. Trans.,’ vol. 103, p. 419 ; and *Chem, Soc. Proc.,’ voL 20, p, SI 7 (1913). 

^ ‘ Nature,* vol. 90, p. 646 (1913), 
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Strutt made a short investigation of the subject,* but obtained no trace of 
helium or neon in the gas, which was analysed after passage of the discharge. 
He further showed that a minute quantity of air could be detected by means 
of the residual noon (after getting rid of hydrogen by sparking with oxygen, 
and absorbing the residual gas by means of cooled charcoal). He held that 
the gasKis could not be safely transferred by moans of small inverted tubes 
ovov mercury, without the possibility of a trace of air entering during the 
process : and this led him to construct an apparatus which was entirely 
.self-contained, and by means of which all external transferonce from the 
discharge tube tc) the analysis apfiaratus was entirely avoided. 

The work of these investigators has not, therefore, led to similar results, 
and the following questions present themselves : — Firstly, were the electrical 
conditions of Strutt’s experiments unfavourable to the formation of rare 
gases ? Secondly, was the method of analysis less sensitive ? Thirdly, is it 
possible to prevent access of air into the apparatus during the experiment 
and analysis, and to entirely free the electrodes of all detectable traces of 
rare gases ? 

In the work to be described, which was carried out iti continuation of 
some other work along similar lines, special attention has been paid to 
these points : the electrical conditions were varied considerably by altering 
the generating apparatus ijind the shape of the discharge tubes ; the method 
of analysis was made as sensitive as possible and blank tests were fretiueiitly 
applied. The result, unfortunately, has not thrown any light on the pro- 
duction of the rare gases, as these gases were not obtained when the tube 
.and electrodes had been evacuated as far as possible, and when there was 
no detectable leakage of air in the apparatus* 

Jixperimefital. 

In continuation of some former work the apparatus depitded was built. 
It has been found that when the gases were pumped out of the discharge 
tube and transferred by means of small tubes to the analysing burettes, as 
often as not, traces of argon could be detected. This argon was traced to 
some mercury ; by means of tube D, this difficulty was overcome and the 
gases could be brought directly and completely into the analysing burette 
from the discharge tube without coming into contact with mercury, which 
iitands in the presence of air. The presence of about of O'l cu, mm. of 
air can be detected by the argon. The nitrogen is often not found unless 
larger quantities of air are present, as ozone is formed during the analysis 
^nd combines with the nitrogen and mercury ; phosphorus, too, absorbs 
♦ ‘ Boy* Soc. ProcV A, vol. S9, p. 409 (1914). 
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small qoantitieB of nitrogen. Neon was only found when much larger 
quantities of air were present. 

For the analysis of the gas oxygen is added, the burette is jacketed with 


H 


. 11 ^ 


A. Discharge tul)e. 

B. Analysis burette and 

hne capillary tube. 

C. (Charcoal bulb. P. Phos- 

phorus tube. (Both 
very small.) 

D. Long side-tube fur 

transferring gas from 
A to B. 

H. Store of hydrogen made 
from palladium, and 
taps for letting in 
charge of hydrogen. 

O, Store of oxygen made 
from potassium pei'- 
manganate ; jiotash 
tube, and similar 
Ups. 



a small cup of liquid air, and the discharge is passed ; water and ozone are 
formed and a high vacuum is obtained (ozone partly condensing and partly 
combining with the mercury). The tube and tlm mercury are then warmed 
and oxygen absorbed by opening to the phosphorus or charcoal Sometimes 
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a small quantity of oxygen and carbon oxides remain unabeorbed, these 
disappear on passing the discharge through the capillary jaclceted by liquid 
air, owing to the formation of ozone; any small residual quantities of 
nitrogen or of hydrogen also disappear owing to this. In order to be sure 
that none of the rare gases are hidden, the mercury is warmed, the process 
of analysis repeated, and the spectrum of the residual gosea carefully 
examined. In the final experiment the hydrogen and oxygen were sparked 
at ordinary pressure by means of two platinum wires sealed in the 
burette, 

'^he following experiments are some of those that have been made with 
this apparatus : — 

(a) The discharge tube W’as a cylindrical tube with two disc electrodes 
placed opposite each other. A 6-inch coil with Immmer break was used. 
Gas analysed by ]>ho8phoru8 — No Ne or Ho found. 

{h) Another similar tube. A 9-inch coil with a long spring Imminer 
break. Gas analysed by phosphorus — No A, no He, no Ne found. 

(c) A similar tube but with both anti-cathode and anode. A laige 20-inch 
coil, Caldwell electrolytic break, plate and point rectifier in the citcuit. Gas 
analysed similarly — Trace A, no Ne, no He. (This merest trace of argon 
came from the oxygen used for the analysis.) 

(d) A tube with laige spiral aluminium wire os cathode, anode in a small 
side bulb connected with the narrow tube, the tube acting in some measure 
as a rectifier. A 20-inch C(wl, electrolytic break and rectifier, also a 9-inch 
coil and two types of hammer break. Analysed by charcoal — No Ne or He 
(experiment lasted 22 hours). 

00 A tube with two platinum electrodes ^ cm. by 2 mm. in two glass 
bulbs (4 cm.) connected by a narrow tube. Gas analysed by charcoal: — 

1. A 9-inch coil, hammer breaks and rectifier — No Ne or He. 

2. A 20-incli coil, hammer break in series — No Ne or He. 

3. A 20-iaoh coil, electrolytic break and rectifier — No Ne or He. 

In this experiment tlvere was much ” splashing from the cathode ; in the 
last part of the experiment the cathode was often bright red hot. 

, (/) Similar tulie, aluminium anodes, platinum cathodes. A 20-inch coil, 
electrolytic break and rectifier. Very much ** splashing/’ Gas analysed by 
oharcoal-^No Ne or He. 

(g) Spectrum-shaped tube ; palladium rod anode, palladium plate cathodes, 
a 9-mch coil and a hammer break. There was so much ** splashing ” that a 
larger coU could not be used. Gas analysed by charcoal — Ko Ne or He. 

(^) One cubic centimetre was pumped out of a large Edntgen tube, through 
which tha heaviest obtainable unidirectional disofaarge had been passed for 
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four hours (5 milliampferes, between 60,000 and 120,000 volta) — No Ne or 
He was detected. 

In another experiment a little argon was detected, but no Ne or He. A 
third quantity, which was known to be contaminated by air, was analysed by 
oharcoaj and gave a considerable quantity of neon, (I have to thank 
Dr, Lindemann for these samples of gas.) 

(i) A spectrum tube with fine platinum wire cathode, a 9-inch coil, hammer 
break and rectifier. Analysed by phosphorus — No Ne or He, a trace of argon 
(due to oxygen). 

(j) A spectrum tube with small bead of platinum as cathode. ^ 

1. A 9-iiich coil and rectifier (six hours). Analysed by sparking in 
burette and phosphorus — No Ne or He. 

2. A 20-inch coil, electrolytic break and rectifier (five hours, cathode 
becoming wliitc hot at times). Both together analysed by phosphoinis and 
afterwards by charcoal — A trace of He possibly, but such a small quantity 
that its presence was doubtful. 

In all these experiments the tube was as strongly heated as possible when 
pumping oiU the gases, also during the preliminary exhaustion. The discharge 
was reversed occasionally, as it has been found that a cool anode will often 
absorb gas given off by a hot cathode. The tube was finally washed out 
with ))ure hydrogen. The duration of each experiment was about eight 
hours, unless otherwise stated. At a certain stage of exhaustion the 
hydrogen is shot very easily into the walls of tlie tube, provided the latter 
,does not Ixicome too hot or the vacuum too low. Charges of hydrogen 
are let in, when necessary, from the place between the two taps provided 
for that ])urpose. The amount of hydrogen absorbed by the walls appears 
to depend on the temperature, the shape of the tube, the pressure of the 
gas, and the potential of the cathode during exhaustion. A long time is 
required to entirely rid the walls and electrodes of gases ; if a stronger 
cathode discharge is passed through the tube it is generally possible to 
obtain more gas (hydrogen and a little oxygen). However, with small 
tubes and many washes with pure hydrogen, it is certainly quite possible 
to get rid of all detectable traces of air. Once, when a minute leak was 
present, it was noticed that the spectrum of nitrogen was not given for 
some minutes, but only that of oxygen ; the tube had palladium electrodes. 
It would seem that very small quantities of nitrogen had been made active, 
and were absorbed by the metal deposited on the walls of the tube. 

Stmmarf/ of jFJxprrimenis , — In the above experiments electric dischoi^ 
has been passed witli three different sized coils, three different types of inter- 
rupters, through various sized and shaped tubes, with palladium, platinum, 
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and aluminium electrodes of various shapes and sizes, the analyses of the 
residual gases being carried out by phosphorus and charcoal in various ways, 
but no change of the gases, such as the production of helium or neon, has 
disclosed itself. 

TheoreiicaL 

It will be interesting to enquire into the mechanism which could, perhaps, 
give rise to such a production of helium by means of the electric discharge, 
and to calculate approximately the amount of energy that would be needed. 
In the first place, suppose one assumes an association process, and let the 
helium be formed from a certaiti quantity of hydrogen. It. is a consequence 
of relativity theory that the variation of the mass of a system is connected 
with the variation of the internal energy by the following: — 

where is the square of the velocity of light, and the laft term merely depends 
on the movement of the system relative to the observer, and can be neglected 
in this case.* 

AE = 9 X 102“(4H-He) = 9 x (4’0;32-:3*99) 

= I3‘6x 10^^ ergs per gramme-molecule of helium formed, i,€. 

6 X 10”'^ ergs per atom of helium. 

Every 1/100 cu. mm. of helium formed (a detfictable quantity) would 
therefore need 1*6 x 10^‘^ ergs. An induction coil certainly might supply 
this total energy in an hour, but there are two important considerations. 
First, the energy is only conveyed in the form of charged particles, and there 
can hardly be particles possessing energy of the order of 10''^ ergs within a 
discharge tube ; the energy of the hydrogen ion in the dark space being of the 
order 10“^” ergs, and that of the cathode particles on the average 10“^ ergs, 
(a cathode particle would have to move in a field of over 30 million volts to 
possess energy 6 x 10*"® ergs)- Many particles would therefore have to act 
simultaneously or their effects be additive ; this would increase enormously 
the time required to produce a detectable quantity of helium. The second 
consideration is that four hydrogen atoms or possibly two hydrogen molecules 
must meet in order to form helium, and the energy must either be supplied 
at the moment of encounter, or they must \ye altered previously in such a 
way that they will associate on encounter and form lielium. It is possible 
to calculate the probability of the occurrence of such a collision. 


* * Jabrb. der lUdicakt.,* p. 636 (1912). 
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T/te prviialnlity Pg, 0 / two cdoim or Tookevies eoiUditig in a time dt ia 

where T is the duration of the collision, / the time between two collisions. 
But, according to kinetic theory, 

t--i- 

■tra^Bpc' 

<r = the diameter of an atom, 
p = pressure, 

N =: number of atoms per unit volume at normal pressure and temperature, 
V, = mean velocity ; 

and = 

c/2 

where / is the fraction of the diameter to which distance the atoms inter- 
})enetrate ; / will be a maximum when / = 

• /. Baa == 4.^'^pfaHL 

Putting in values — 

N = 2-75 X 10^^ molecules per cubic centimetre, 
p = 1 mm., 

/=i 

<r = 2x 10"^ cm., 

Paa^l*81xl0-'‘’«f/, 

The frequency of collision is Trcr^Nj^r, ij\ 8*7 x 10® times per second. The 
number of atoms per cubic centimetre at 1 mm, pressure is 3 0 x 10'® atoms. 
.*. total number of collisions in a tube of 100 o.c. is 1*58 x 10*® per second. 
The probability that during a collision lasting 

^ <•* 
tlie colliding atoms will be struck by n other atoms is 
2'09xlO-*’''x(r81xlO-'')», 

or for a fourfold collision 

« = 2 ; 

P4. = 6*8x1 

and the number of collisions per second in a tube of 100 c.c. will become 
(6 8 X 10-“) (1-58 X 10“) = 10-7 per sec. 

That helium can be produced by a fourfold collision of hydrogen atoms 

* J. H. Jeans, ‘ Dynamic Theory of Oases,' p. 206. 



Analysis of Gases after Passage of Electric Discharge. 187 


under certain special conditions is therefore quite out of the question, for 
there would have to be at least 7*7 x 10® such collisions per second in order to 
produce a detectable quantity of helium in 10 hours. 

There remains the possibility that the helium might l>e pro<luced from the 
collision of hydrogen molecules under certain conditions. It is difficult to 
see what those conditions in an electric discharge tube could be, other than 
the effect of an electron upon them. So it is necessary to calculate the 
chance of a collision of a cathode particle with the molecules of hydrogen. 

The probability of an electron colliding with an atom or molecule would be 
Pc ==: IV where v = number of times an electron collides with an atom 

per second. 

^ lOe * X * 71 ’ 


where a = current in amperes, 

I =5 distance between electrodes, 

X = free path of electrons, 
n = number of atoms in discharge tube. 

The maximum value of T is ^r/c', where 
c* = velocity of electrons, 
a = diameter of atom. 


But c' = -v/(2VcX///i7), where V s=: potential between electrodes in E.8. 
units. 


Tv = 


^ 

^(2VcX/7?i^) 


X 3 X 10^^^ / 1 

lOe ’ X ’ 7// 


But X = 


4/9 

^ and n =z where v is volume ; 


therefore 


r„ = 3 X lo* . - 

c 


T ■ v/(256'v?2 Ve/m)’ 


Putting a = 10~* = 1 milliampere. 

V as. 100 C.C., 

I aa 10 cm., 
jp s= 1 nim., 

V = 10* volts. 

P. = 4*2xl0-«rf<. 


The probability tliat an electron should strike a simple collision of two 
hydrogen molecules, which lasts 2 x 10”** secs., is therefore 8-4 x 10”*', or as 
1'58 X 10** collisions take place per second, 1*3 x 10~* atoms of helium 
might be formed per second, which would mean a detectable quantity in 
about 6 X 10” years. Thus even a collision of an electron with two hydrogen 
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molecules would be an inadequate explanation of the formation of the helium 
much more bo the collision of four hydrogen atoms at a time, which would 
produce only o?ie atovi in about 10^^ years. Likewise it could be shown that 
insufficient helium would be formed to detect in a reasonable period of time, 
even if the unlikely suggestion ivS assumed that the atoms or molecules are so 
altei^ed by collision with the electrons, that when they subsequently collide 
with each other they might form helium atoms; for the probability of an 
electron colliding with an atom is small (4-2 x 10“ dt\ and even when such 
a collision does occur, the molecules which have encountoi*ed electrons must 
collide with each other. 

The above calculations make it clear that tlie helium cannot arise from 
changes in the gases within the discharge tube, unless the conditions within 
a vacuum tube are very different from what they are taken to be and are such 
as to increase enormously the number of collisions of electrons, atoms, ions or 
molecules. This result is arrived at V)oth from considerations of the energy 
needed to effect such a change and also from considerations of the possible 
mechanism producing such a change. 

Next, let some disintegration process be assumed ; could the helium be 
formed by the disintegration of the metallic electrodes or of the oxygen, silica,, 
and other constituents of the glass or gases (oxygen, CO, etc.) in the discharge 
tube ? The atomic weight of mercury is 200*6 and if the atoms were entirely 
split up into helium atoms, energy of the order of 10“*^ ergs would be requirtnl 
per atom (this follows as before from Einstein's theory). For oxygen or 
carbon the quantity might be somewhat less than 10”® ergs but for most 
elements it would Ije considerably more. The chances of finding in a discharge 
tube particles possessing sufficient energy to bring about such complete dis- 
integration is exceedingly small ; the a-particle possesses energy 1*3 x 10”® ergs 
but even this does not seem to appreciably disintegrate the atoms it meets 
with.* However, there is no reason to suppose that the atoms must be 
completcdy disintegrated. It is quite conceivable that a partial disintegration 
and liberation of a helium atom from certain less stable atoms might arise 
under conditions of electric stress such as are obtained in a discharge tube. 
Such effects should be most likely to occur with the heaviest elements or 
possibly with rare earths or potassium. 

From the above considerations it is more probable that the production of 
rare gases would arise from a process of disintegration than of association. 
Although it is not possible to make these calculations without certain 

♦ It 18 poftsible the o-particle does possess sufficient energy to disintegrate some of 
the tttome it encounters (see Eameay and Camerou, * Chem. Soc. Trane./ voL p. 1605 
(1907)). 
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assumptions which are not definitely established, it is unlikely that the orders 
of the above results would be greatly affected by future work : radioactivity 
aflbrds evidence of the internal energy of an atom agreeing with that 
obtained by calculation ; every gramme-atom of helium produced from radium 
releases about 10“^® ergs. 

Ccmcludon. 

The attempt to produce rare gases (Ne and He) in accordance with the 
experiments of Collie and Patterson, by the passage of an electric discharge, 
has not been successful. Both from theoretical and experimental standpoints, 
it is held that if such a production has an origin other than from attuospheric 
contamination, the source must be looked for in some action on the solids 
which compose the discharge tube (electrodes or glass) rather than from the 
gases. 

I am greatly indebted to my friend, Mr. F. A. Lindemann, for suggesting 
the method of calculating the probability of collision of electrons and atoms 
and of some of the samples of gas analysed. I have also to thank Prof. Nernst 
for his interest in these exi>erimeiits carried out in his laboratory in Berlin. 
The experiments were conducted in continuation of work carried out with 
Sir William liamsfiy on other lines but with somewhat similar apparatus, and 
to him and Prof. Collie I am grateful for the generous j)ermission to publish 
the work. 
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An Electrically Heated Full Radiator. 

By H. B. Keene, D.Sc., Assistant Lecturer in Physics at the University of 

Birmingham, 

(Communicated by Sir Oliver Lodge, F.R,S. Eeceived December 10, 1914.) 

In a previous paper by the author* the value of the radiation constant “ 
of the Stefan-Boltzmann law was obtained, using an apparatus which 
fulfilled the condition of a full receiver ; all previous determinations being 
open to objection on the ground that this condition was not attained. The 
'‘emitter” used in tliat investigation and maintained at a temperature of 
1100° was of the usual type — a modified form of Heranis furnace; but it 
was pointed out at the time that such a radiator is by no means a uniform 
temperature enclosure, and that the author intended to construct such an 
enclosure which would aj>proximate more nearly to the ideal full radiator. 

The value of the radiation constant is open to criticism until it has been 
determined with apparatus in which both ‘‘ emitter ” and “ receiver ” fulfil 
black body ” conditions. 

The present paper describes an electrically heated high temperature full 
radiator, for which there is such a pressing need in full radiation ineasui^iB- 
merits. 

The Form of the Radidior. — The radiator consists of a bottle-sbaped 
crucible of alumina with a cylindrical body 8 inches in diameter, and with 
conical ends and ci^ular ai>erture B (fig. 1). The crucible was wound with 
platinum strip for electrical heating in a manner to bo described later. 

This form of radiator is preferable to the sphere, as it somewhat simplifies 
the difiiculty of the electrical winding, although considerable difficulty was 
experienced in winding the conical ends. A further advantage consists in 
the fact that the region A, which will be visible ” from the receiver, loses 
leas radiation to the cold aperture B than it would do wore that surface 
parallel to B. This principle is utilised in the receiver previously described. 

Method of Ekctrical Winding. — It was desired to attain a temperature of 
at least 1000-^1100° C., and for this purpose platinum strip was used. 
Experiments seem to show that alumina is not the ideal material for the 
crucible, on aocoxint of the fact that in the earlier experiments the platinum 
winding invariably broke down on cooling after maintaining the radiator for 
some hours at 1000° C., and after switching off the heating current. It 

* “A Detei’mination of the Kadiation Ooniitant,” * Proc./ A, vol. 88> p. 49 

(1913). 
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appeared that the platinum adhered to the cruoible, and on oooling the 
expansion of the alumina frac^tured the platinum strip. In view of this 
property of the clays at high temperatures it is probable that porcelain 
would be preferable. 

It was desirable that the strip should be held in position in some manner, 



Fio. 1. 

particularly on the cones. The dental cements tried for this purpose proved 
to be onsatisfactory-^breakdowns continued to occur, and on examination 
the strip seemed to show that electrolysis was taking place with the cement. 
The two main difficulties to be overcome were (1) the expansion of the 
cruoible on cooling, (3) electrolysis. 

The first was solved by “ crimping ” the platinum strip between two cog- 
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wheels, and winding it bo as to be separated from the crucible by a pliable 
mica bed* This prevented the strip adhering to the crucible and allowed of 
considerable movement. The 'electrolysis difficulty was Overcome by 
removing all traces of dental cement and replacing it by pure aluminium 
oxide. Since the adoption of this method of winding no further difficulty 
has been experienced. These practicaT points are recorded as they may be 
of interest to others concerned in high temperature furnace work. 

30 metres of platinum strip 0'42 cm. wide and 0*012 cm. thick were 
used. This thickness was chosen for strengtli to minimise the risk of 
mcehanieal fracture. Before winding, the whole crucible was encased in 
mica to prevent the strip adhering to the alumina. 

Winding iht Cyliinder . — The crimped platinum strip was wound over the 
mica jacket of the alumina cylinder with a spacing of approximately 1 cm. 
between the windings. The platinum was now intevhiced with narrow 
mica strips to keep it in position and so prevent short-circuiting. This was 
covered with another mica jacket to prevent contact between the conductor 
and the kioselguhr. Although mica provides an excellent insulating medium 
which is chemically inactive, it becomes friable and powdery at 1000"^ C., 
and it was therefore necessary to provide an additional strengthening jacket 
which reinaiiifl hard at liigh temperatures. This was attained by covering 
the whole with pure asbestos cloth and pasting the outside of this 
asbestos cement. Mg. 2 shows the winding in section. On examination 
this was found to be in very good condition both mechanically and electrically 
after running on several occasions at 1100® C. 

Winding the Cones . — Owing to the stiffness of the platinum strip it was 
impossible to make it lie flat on the conical surface. Further, some means 
had to be devised whereby the strip could he held in position during the 
j)roce88 of winding and the spacing maintained during the heating so that 
there was no possibility of short-circuiting. The platinum strip was formed 
into a conical cage using stout mica strip as the spacing and supporting 
-material. Equally spaced saw cuts were made in the mica, these served to 
grip the platinum and give the necessary spacing. The principle of the 
arrangement is shown in fig. 3. Two platinum coils and a few of the mica 
strips are illustrated on an enlarged scale. A strengthening matrix was 
provided by pouring into the interspaces a thick paste of pure alurniaium 
oxide and water. The water was driven* off* by heating electrically, leaving 
a compact mass giving excellent insulation and support. 

The ends of the platinum winding were brought oat through the kieselguhr 
and connected to a row of six binding screws on the outside of the case. For 
the purpose of economy, heavy copper leads were used ; but, owing to oxidation 
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of the copper-platinum joint at this high temperature, the copper had to be 
discarded. To avoid further difficulty, the platinum atrip was made con- 
tinuous to the binding screws, so that the only contact '' in the circuit was 
cool and visible. 

Snpportinri and Laggim] Crncihle . — The crucible was supported by means 
of two blocks of alumina which rested in the collars of the two circular end 
castings, as shown in fig. I. These castings were rigidly attached to each 
other by means of a steel cylindrical jacket, the intervening spaces being 
filled witli kieselguhr. The apparatus rested on a V-blook casting and 
weighed approximately 130 kg m. A covered “ band-hole ” w^as out in the 
steel cylinder to facilitate the removal of moisture when drying out and also 
the examination of the interior when necessary. 

Arrangementfi for Temperature Meimircment. — Owing to the possible ineon- 


ASBEsmaQnt 
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venience in introducing a thermocouple through the aperture B (fig. 1) during 
radiation measurements, a side hole was provided as shown. The direction 
of this inlet allowed of the couple being moved parallel to the radiating 
surface and any differences of temperature determined. Further, the 
position of the hole is such that it will not be visible’* from the aperture 
of the receiving apparatus to be used in future experiments. 

The temperature was measured by a platinum platinum-rhodium thermo- 
couple which had been calibrated at the National Physical Laboratory for 
the earlier experiments on the radiation constant The temperature was 
observed by means of the deflection of a calibrated moving-coil galvano- 
meter. This method is of sufficient accuracy for the present purpose of 
obtaining uniformity, since an absolute value of the temperature is not 
required. 
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In orrler to determine whether the galvanometer was indicating tempera* 
tures of the right order, a modification of the hot-wire method was used 
to check the indications of the thermocouple. While the furnace was slowly 
heating up, an additional couple of nickel-nichrome, joined by a short silver 
wire, was inserted and connected to a galvanometer, which served to indicate 
the time at which the silver melted. At this instant the scale reading of the 
Pt-PtEh couple was observed and was found to agree with the melting point 
of silver (961® C.) to within a few degrees. 

Adjustment of ilw Heating Qurrent to give a Uniform Tewperature , — 

Let the winding on the back cone A s= Circuit 1 . 

„ „ cylinder = Circuit 2. 

„ „ front cone = Circuit 3. 

Tlie resistances of the three circuits were measured at room temperature. 
Since the heat insulation of each of the three sections is not equally 
efficient, then it is obvious that an equal consumption of energy in each 
circuit will not provide a uniform temperature within the enclosure. The 
simplest plan is to allow each winding to act as its own thermometer by 
aixanging that the increase in resistance is in the same ratio in each case. 
Usually the three circuits were put in series and a suitable current left 
running overnight. When the temperature reached 700--800® C. the circuits 
were arranged in parallel, so that the energy consumption of each could be 
controlled and measured from time to time. At 1100® C., the temperature 
at which uniformity was required, the energy consumed in each circuit was 
measured and then so adjusted that the resistance of each coil had increased 
in the same lutio. As will be seen later, this gave the required conditions. 
The following is characteristic of a set of observations : — 


Let CiVi, CsVk, C 3 V 3 , represent the current and potential for circuits 1 , 2, 
and 3 respectively. 




Besist. at 1100® C. 

K«.itt. 12 ° 0 . ' 

Energy oousump- 
tiou in watts. 

Total energy 
consumption. 

Circuit X 

Cj « 9 *0 ampa. 

V 1 s* 70 1) volte 

} 4 •2(0) 

680 

-N 


Circuit K | 

C 5 - 6 -9 amps. 
V 3 - 67 -9 volte 

} 4-2(0) 

468 


° 1743 watte 

Circuit 8 | 

S *7 amps. 
V 3 74*0 volte. 

} 4-2(0) 

i 

^ J 

m 

i_ 



Temperature 1160® 0, 
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Aseuming the previously determined value of the radiation oonstant 
2 SS 6-89 X 10“* ergs/sea cm,* deg,*, the rate of emission of energy through the 
aperture B at 1100° C. 

— 508 watts. 

" — Energy ap}>earing as radiation from aperture 508 

iciono) ^ Total energy consumption 1743 

= 0-29, 

that is to say 29 j>er cent, of the energy put in appeal's as mdiation. Making 
a similar calculation for the Herasus furnace used in the earlier ex^'>eriment8 
and assuming that it emits full radiation it can be shown that the “efficiency’' 
in this case is only about 25 t>er cent. 

Note . — The energy was supplied by a direct ciurreut tnachino capable of 
giving 50 amperes at any potential from 20 to 160 volts. By this means the 
}X)tential could be varied and the necessity for resistances variable over large 
ranges avoided. One small variable resistance in eacli circuit was provided 
and adjusted such that the machine was running at 110 volts when the 
temperature required was obtained. To avoid fluctuations in the dynamo 
potential the machine was now switched in parallel with the departmental 
110 volt battery. When perfectly steady conditions of teinj^erature were 
desired the machine was thrown out of circuit, leaving the radiator running 
off the battery alone. The electrical connections are shown in fig. 4. 



Pio. 4,— Electrical oonneefcionij for conatant-t^peratuna enclosure. For parallel close 
PP and K|, For ^'aeries ” oloae and open K|. 


TOIu XOI,— A, 


R 
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Exploration of Temperature Disir^iUions — This was raost conveniently 
carried out by inserting the thermocouple through the aperture K In order 
to place the junction at different points within the radiator the length of the 
couple immersed must vary if used in the ordinary way. Unless the wires 
of the couple are chemically pure and physically uniform the electromotive 
force will depend upon the length immersed. It was known from previous 
investigation that the couple used was defective in this respect. It was 
therefore necessary to devise some means of reaching different jmrts of the 
radiator, keeping the length of the couple immersed constant. The couple 
was insulated by means of twin*bore fireclay tubing which was supported in 
a porcelain tube so that the break K in the twin fireclay (see fig. 5) was 



approximately at the centre of the enclosure. Another porcelain tube was 
attached alongside and carried a loosely fitting fused silica tube i)rovided with 
a platinum wire loop W. This loop encircled the loose end of the tliermo- 
couple so that the junction could be brought to any position within the 
enclosure by sliding the silica tube S in its porcelain guide. In this manner 
the temperature distribution was determined. For tlie values of the energy 
consumption given above the temperatures at the various points were as 
follows : — 

A series of observations of the temperature at the various positions shown 
in fig. 6 were taken in the following order : — 


PoBitiou of junction. Temperature. 

Position of junction. 

Temperature. 

(2) 1150° C. 

( 5 ) 

1154° C. 

(1) 1151 

( 3 ) 

1165 

(31 1163 

(1) 

1154 

X (5) 






\ 

\(2) 

{Ayr 1 


X 0) 

X 


Fta. 0.— Vertical Section of Badiator^ 
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It will be seen that the temperature was rising. 

After waiting for steadier conditions the following series were taken : — 


Position of junction. 

Temperatui-e. 

1 

Position of junction. 

Temperature. 

(3) 

1149° C. 

(3) 

1150° C. 

(4) 

1147 

(1) 

1149 

(1) 

1149 

(4) 

1150 


Tliere is evidence here of a slight rise of temperature and the maximum 
difference of 3® C. occurs at the same place (position 4). It is quite useless to 
attempt further refinements at the present stage, since it is intended to 
determine the radiation constant for various temperature distributions within 
the enclosure. The results so obtained will determine the degree of uniformity 
wliich is necessary. If for instance the temperature of the cone opposite A is 
reduced by 100® C. and the value of the radiation constant obtained remained 
unaltered then the uniformity described above is sufficiently good. For this 
reason it is proposed to proceed with the radiation experiment without further 
<lelay. 

The Quality of the Radiatimi emitted . — There is no satisfactory means of 
determining the diffusing power of a sample of the alumina at the tempera- 
ture of the radiator (1100® 0. Rowing to the difficulty of obtaining the actual 
temperature of the radiating surface of an exposed sample. It is highly pro- 
bable that a porous clay is an exceedingly good radiator on account of the 
pores providing a surface of minute full radiators. Sucli was the surface of 
the crucible. As a further precaution this surface was covered with a dull 
black coating (by Messrs. Morgan, of Battersea, London, S.W.) which would 
withstand 1100® C. 

My colleague, Dr. Guy Barlow, has shown that the radiation passing 
through a circular aperture of area « in a spherical uniform temperature 
cavity of cross-section A departs from the full radiation at that temperature 
by approximately a(R/ A per cent, where E is the percentage of the radiation 
diffusely reflected by the material. 

If we assume tliafc the black alumina surface dififusely reflects as much as 
5 per cent., then the radiation from the aperture B departs from the full 
radiation at that temperature by only about 0*2 per cent. 

I am indebted to the late Prof. J. H. Poynting, F.E.S., for granting the 
funds which enabled me to carry out this investigation, and also to Mr, G, 0. 
Harrison, of the Physios Workshop, for the valuable assistance he has 
rendered. 



On the Spectra of Ordinai'y Lead and Lead of Radioactive 

Origin. 

By Thomas R. Merton, B.Sc. (Oxon.). 

(Communicated by A, Fowler, F.R.S. Received December 21, 1914.) 

The view that the spectra of isotopes are identical was first put to the test 
by Russell and Rossi’^ and Exner and Haschek^f who examined the spectra of 
thorium and ionium preparations. The former of these obsei'vers worked 
with a mixture containing at least 10 per cent, of ionium, but no lines were 
found which were not present in the spectrum of pure thoria. 

AstonJ has submitted ueon to fractional diffusion, by which a [partial 
separation was effected, as shown by the change of density, but no change in 
the si^ectrum was observed. 

More recently Soddy and Hyman§ and Richards and Lembertil have com- 
pared the spectrum of lead of radioactive origin with that of ordinary lead. 
The former of these investigators, who worked with lead^from thorite, found 
that the line X =: 4760* * * § 1 was stronger in ordinary lead \ian in the thorite 
lead, but that the spectra in other respects appeare^^ to be identical. 
Richards and Lembert also found that the spectra*, were identical. 
In both of these investigations, the FeSry spectrograph was used for the 
photography of the spectra ; no details are given, but it is presumed that in 
both cases the spectra of the radioactive and ordinary lead were photographed 
in juxtaposition on the same plate. 

This method is admirably suited to a general comparison, but it gives no 
numerical data as to the exact degree of identity of the wave-lengths in the 
two spectra. 

It might reasonably be expected that in the spectra of isotopes small 
differences of wave-length would occur, though the character and distribution 
of the lines were the same. 

According to the recent views of Prof, Hicks, an atomic weight term entera 
exactly into the separations of doublets and triplets in series spectra. No 
series have yet been found for the spectrum of lead, but Kayser and Eungelf 

* * Roy. Soc. Pi'oc./ vol. 87, p. 478 (1912). 

t * Sit«ung«ber. K. Akod. Wisa. Wien,* vol. 121 (2 Abth.), p. 176 (1912). 

I British Association Meeting, 1913. 

§ ‘ Chem. Soc. Ti-ans.,* vol. 106, p. 1402 (1914). 

)) * Amer. Chem. Boc. Journ.,* vol. 36, p. 1329 (1914). 

^ * Wied. Ann./ vol 62, p. 2^ (1694). 
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buve found that a group of ten lines repeats itself three times with constant 
frequency differences. It seems probable, however, that doublet or triplet 
series exist in the le»id spectrum, and for the lines which fall into such series 
there should, according to the views of Prot Hicks, be differences of wave- 
length in the two isotopes corresponding with the difference of atomic weight. 

In the present investigation, I have made a comparison of the wave-lengths 
of some of the most prominent lines in the spectrum of ordinary lead and of 
the lead in Joacliimsthal pitchblende. The spectra were photographed with 
a concave grating spectrograph, mounted according to the arrangement of 
Eagle* and ])rovide(l with a concave grating of 4 feet radius of curvature 
having 20,000 lines to the inch. The plates were measured on a Hilger 
micrometer. 

The spectra were produced in the carbon arc, the carbons being cored, as 
the case might be, with the pitchblende residues or with iron oxide containing 
a small proportion of ordinary lead. I'he residues contained a considerable 
quantity of iron wliich served as a comparison spectrum. A number of 
plates were taken, in whidi the two spectra were in juxtaposition, and the 
lines due to lead were found to be identical in the two spectra. 

The object of the present investigation, however, is to set some superior 
limit to any wave-length differences that might occur. 

The wave-lengths of the principal lead lines between \ «= 3500 and X =» 4100 
have therefore been independently measured in the ordinary and radioactive 
lead spectra, the iron lines being used as standards. The values obtained 
are given in the following table : — 


A, ordinary load. 

A, load from reitidues. 

A, ordinary lead— 

A, lead from residue*. 

A, Kayeer. 

•8672 -88 

8572 ‘SS 

±0*00 

8672 -88 

8880 <72 

8689 -as 

+ 0'08 

8689 '71 

•8671 -ee 

3871 -64 

+ 0*02 

8671 -66 

8688 '60 

8688 -eo 

-0 *01 

8688 *60 

•8740 <08 

8740 06 

+ 0*02 

8740 '10 

4067-08 

4057 ‘99 

-0 01 

4057 *97 

4062-81 

4062 '88 

-O'OE 

4062*80 


The dispersion was aboflt 10 A.U. per millimetre and the differences 
observed, which are not systematic, are within the experimental error, and it 
may therefore be concluded that no differences greater than '03 A.XJ. occur in 
these lines, The three lines marked with an asterisk • are members of the 
groups of ten, discovered by Kayser and Itunge (loc, cit), 

* ‘ Astirophya. Journ.,* voL ai, 2, p. 120 (1010), 
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The atoiuic weight determinations of Eichards and Lembert {loc. eit\ 
Honigschmid and Horovitz^ and Curief show that the atomic weight of 
lead from the pitchblende residues is somewhat greater than the value pre- 
dicted by theory, this being no doubt due to the presence of a small quantity 
of ordinary lead in the pitchblende. If the spectrum lines in the two leads 
differed in wave-length by a small amount, the lines from the pitchblende 
residues would be double. If the components were not resolved in the 
spectroscope, the doubling should nevertheless make itself felt as an apparent 
shift or an asymmetric broadening of the line. On the assumption that the 
lead in my residues has an atomic weight about *5 unit less than ordinary 
lead, Prof. J. W. Nicholson has very kindly calculated for me the order of the 
change of wave-lengtli to be expected according to Prof, Hicks' theory, in the 
case of lines belonging to series, doublets or triplets. 

If the separation of two such lines in a doublet were 50 A.U, at 
\ = 4000 A.U. (an order of separation which might reasonably be expected 
to occur in the case of lead doublets), then a change of atomic weight of 
0*5 unit should alter tlie separation of the lines by about 0*3 A.U., or if 
each of the lines were shifted by an equal amount, a change of wave-length 
of the order of 0*15 A.U. in each line would result. 

It may be stated with certainty that iu the lead lines, which are not given 
in the above list but which were observed in the ))hotographs of the spectra 
taken iu juxtaposition, no change of wave-length of this order occurs. 

A special examination has been made of the line X == 4058. This line is 
by far the strongest line which can be photographed through glass lenses and 
prisms. The comparison has l)een made of this line iu the two lead spectra 
by photographing the ring systems produced by means of a Pabry and Perot 
^talon. Tlie line X 4058, when produced in the carbon arc at atmospheric 
pressure, is too broad for the production of interference rings of sufficiently 
good definition. The spectrum was therefore produced in a glass globe of 
about 1 litre in capacity, exlmusted by means of a ITouss pump to a pressure 
of a few millimetres of mercury, between carbon rods, cored .with small 
quantities of the two leads as carbonates or oxides. Under these conditions 
sharp definition could be obtained. The convergent beam of light from a 
lens placed at a suitable distance from the arc^passed through the 4talon, 
and an achromatic lens of 6 inches focal length brought the ring system to 
a focus on the slit of a large Hilger constant-deviation spectroscope provided 
with a camera attachment. The dtalon consisted of two lialf-silvered plane 
parallel glass plates sej^arated by three glass studs, the distance between the 

♦ ‘ Comptes Bondue/ vol. 168, p. 1796 (1914), 

+ * Comptea Rendus,’ vol. 158, p. 1676 (1914). 
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plates being 6*50 nun. The exposures were made within two or three minutes 
of one another, to avoid variations due to changes of temperature. 

Photographs taken in this way showed that the interference rings are 
identical for the two lead spectra, and measurements of the diameters ot 
the rings agree within the limits of exj^erimental error, the calculated results 
showing that there is certainly no difference of wave-length for the line 
X = 4058 as great as 0'003 A.U. in the spectrum of ordinary lead and of the 
lead from pitchblende. 

In conclusion, I should like to thank Prof. N'icholson for the calculation 
which he has made for me. 


On the Viscosity of the Vapour of Iodine. 

By A. 0. Hankink, D.Sc., Fellow of and Assistant in the department of 
Physics in University College, London. 

(Communicated by Pi'of. A. W, Porter, F.R.S. Received January 35, 1935.) 

In a previous communication^ I have described the measurements I have 
made of the viscosity of bromine vapour. The method used for this purpose 
involved the distillation of bromine from one vessel to another through a 
capillary tube. The pressure difference between the two ends of the capillary 
was established by maintaining the two vessels at suitable different tempera- 
tures, and the rate of transpiration of the bromine vapour was estimateii by 
observing the volume of the liquid bromine which evaporaUul in a given 
time. It was hoped that the same method could be applied to iodine by 
adjusting the temperatures of evaporation and condensation to values above 
the melting point of iodine (113® C.), and measuring the transpiration rate by 
means of the disappearance of liquid from the evaporation vessel. 

Preliminary experiments, however, soon revealed the fact that the liquitl 
iodine was not sufficiently mobile, and its surface was too indefinite and 
variable in shape to allow small changes of volume to be observed. It was, 
therefore, found necessary to modify in several respects the method used with 
bromine. 

The present paper describes the modified method, which was found to work 
extremely well and to give very consistent results. Values of the viscosity of 

♦ * Roy. Boc. Froc./ A, vol. $8, pp. 575-588 (1918). 
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gaseous iodine have been obtained at four different temperatures ranging from 
124° C. to 247® a 

Descripiimi of Apparatus. 

The details of the apparatus used are shown in fig. 1, which is not drawn 
to scale but intended merely to illiisti’ate the principle of the method. 



The iodine, in a solid state, is contained in the bulb A, which is connected 
by means of ordinary quill glass tubing to the spiral C, and thence to the 
Htraiglit capillary tube D. The other end of the capillary tube is similarly 
connected through another spiral to the special tap E, the latter being so 
arranged that it can be immersed in a bath of mercury. From the other side 
of the tap the tubing leads to the re-entrant joint K. The outer tube is 
connected by a conical Joint at G to a tube F, which can be removed when 
desired. The apparatus is further connected, as shown, to the large bulb H, 
and the mercury gauge J, and finally to the two-way tap L, by means of 
which the apparatus can be connected to a Toepler pump or the atmosphere ; 
or the tap may be kept closed. 

The bulb A is surrounded by a water boiler B so that its temperature 
may be kept at the temperature of boiling water. An oil bath suitable for 
temperatures up to 250° C. surrounds the spirals and capillary. Tl>e 
removable tube F is immersed in a freezing mixture contained in a vacuum 
vessel, and a water-bath surrounds the bulb H and the mercury gauge. 
Exposed portions of the apparatus, viz., a, 5, e, and d, are wound with sjurals 
of platinoid wire and well lagged with asbestos p^r, so that they can be 
kept at the desired temperature by passing an electric current through 
the wire. 
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^ PriiicAple of the Method. 

The saturation vapour pressure of iodine at lOO'^ C. is equal to 4*48 cm. of 
mercury. If, therefore, having first evacuated tlie apparatus, we raise the 
temperature of the bulb A to 100° C., the iodine vapour will be driven 
through the capillary tube D and ultimately be condensed in the tube F. 
(This, however, will only be the case provided that all parts of the apparatus 
between A and F are maintained at temperatures in excess of 100° C., for 
otherwise condensation may occur elsewhere than in F.) The pressure in 
F will be practically zero, for the vapour pressure of iodine at the tempera- 
ture of the freezing mixture (about -“20° C.) is neglibly small. Meye^^s 
transpiration formula is almost certainly not valid in the cose where the 
pressure on one side of the capillary is very small, hence it was deemed 
necessary to establish a finite and measurable pressure by means of air. 
The distillation above described would still proceed (although more slowly) 
if the pressure of air in F is less than the vapour pressure in A. In practice, 
an air pressure of some 2 cm. of mercury has been used, and this pressure 
could be measured by means of the gauge J, which is in such a position as 
to avoid becoming fouled by the iodine. 

It will now be seen how the data necessary for the calculation of the 
viscosity of the iodine vapour can be obtained. The pressure in A is 
originally the saturation pressure of iodine vapour at the temperature of 
toiling water at the time of the experiment. Owing to the large surface 
presented by the iodine— which is solid at 100° C, — it is probable that the 
vapour maintains its pressure at the saturation value, in spite of the fact 
that it is being continually removed through the capillary. The pressure on 
the other side of the capillary is that observed by means of the gauge. By 
weighing the removable tube F before and after an experiment, the mass of 
iodine transpired in a given time can be detennined. These data, together 
with the dimensions of the capillary tube, can then be used to calculate the 
viscosity. 

Details of Experiment, 

The method of carrying out an experiment was as follows : — 

The tube F was first of all accurately weighed and then refitted in position 
with the freezing mixture surrounding it. With the tap E open, the whole 
apparatus was then evacuated, the bulb A being meanwhile at atmospheric 
temperature, at wliieh iodine has a vapour pressure of not more than a small 
fraction of u millimetre. The tap E was then closed, and dry air was admitted 
into the part of the appaFatos between £ and L until the pressure was about 
2 om. of mercury. By immersing the large bulb H in water at ordinary 
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temperature tliis pressure was kept remarkably steady. An electric current 
was then switched on through the coils surrounding a, c, and'c^, the current 
being of such a value as to maintain the tubes at about 120® C. The mercury 
bath surrounding the tap E was also heated to and kept as nearly as possible 
at this temperature throughout the experiment. It may be mentioned inci- 
dentally that though the behaviour of *the tap E at this high temperature 
was expected to give trouble, it was found to work exceedingly well. The 
tap was lubricated with ordinary black lead to which a small trace of tallow 
had been added. In these circumstances it was found to be quite gas tight 
and thoroughly reliable. 

The oil bath was heated by means of gas burners to the temperature at 
which it was desired to measure the viscosity, and the gas supply adjusted 
until the temi)Brature was steady. A paddle-wheel rotated by means of a 
motor (not shown in tlie diagram) was used for continually stirring the oil in 
tlie bath. Finally the water in the boiler B was boiled, and the apparatus 
was then ready for beginning the measurement. 

It will be well, at this stage, to consider the conditions of the gases in the 
various parts of the apparatus. On tlie left-hand side of the tap E the 
apparatus contains nothing l>ut iodine. The coolest place is the bulb A, which 
contains the solid iodine, and the temperature of wliich is about 100® C. In 
the apparatus, from A to E, the pressure of the iodine vapour is equal to the 
saturation pressui^e at the temperature of A, i,e, about 4*5 cm. In the part of 
the apjmratus within the boiler B the vapour is saturated, elsewhere it is 
superheated, the temperature being considerably higher than the boiling 
point of water, 

On the right-hand side of the tap E tliere is at first air only, the pressure 
l>eiiig about 2 cm. On opening the tap iodine vapour will pass through 
displace the air iu C, but rapidly condense in the uuheated portion of the 
apparatus. The flow of vapour through the capillary, and its subsequent 
condensation in F, continues so long as the tap E is kept open, and provided 
that the solid iodine evaporates in A rapidly enough to keep the px^ssure in 
excess of the air-pressure which has been established in H. 

During an experiment the tap E was opened at a definite moment, and 
left open for a measured time. Meanwhile observations of the pressure in H 
were taken by means of the gauge, but in none of the experiments could any 
change be observed. At the end of the experiment E was closed, and air at 
atmospheric pressure was admitted into the apparatus through L. The tube 
F was then removed and weighed; whence, by subtracting the previous 
weight, the mass of iodine condensed in F was determined. 

In order to eliminate a small but appreciable error due to the iodine which 
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at the beginning of the experiment fille<l the tulx? between the capillary and 
the tap E, two separate determinations were made, one usually lasting for 
10 minutes and the other for 80 minutes. Tiie difference between the two 
masses condensed in F then gives the amount which had i>assed through the 
capillary in 70 minutes. 

The question also arises as to whether the presstue in the bulb A retains the 
saturation value during the progress of the transpiration. This bulb has a con- 
siderable volume unoccupied by solid iodine. It therefore contaiiiB, j^reviously 
to o|>ening the ta}) E, a considerable supply of iodine vapour at the saturation 
j)ressure. If, however, after opening the tap, evaporation is not sufficiently 
rapid to maintain saturation, the pressure would gradually fall, and 
consequently the rate of transpiration would diminish. 

Experiments which extended over various periods of time showed no such 
diminution, and one may therefore conclude that the powdered iodine supplies 
a sufficiently large surface to keep the pressure at the saturation value. 


Oaimlation of 

As shown in a previous communication,^ Meyer’s transpiration formula, 
when transformed so as to apply to mass transpired instead of volume 
transpired, takes the form — 




= !l^‘ . 

iijl pf^m 


T ’ 


where t) is the coefficient of viscosity, li the radius and I the length of the 
capillary tube, and the pressures of entry and exit, m the mass tran- 
spired in time /, the density of the gas at the pressure juo and temperature 
To, and T the absolute temperature of the gas during transpiration. 

This equation assumes that the vapour behaves like a perfect gas, which, 
at the high temperatures and under the low pressures of the experiments, is 
approximately true. The value of the density which iodine vapour would 
have at the nonnal temperature and pressure if it behaved like a ];»erfect gas 
under those conditions, has been calculated from its inolecular weight as 
0*01133 grm. per cm.®. 

-The same capillary tube was used as in bromine measurements and the 
value of l/W = 3*763 x 10® cm.”® at 13° C. 

The pressure of entry p\ is the saturation pressure of iodine vapour at the 
temperature of .Iwiling water. This was obtained by interpolation from the 
observations of Ramsay and Young, t the temperature of boiling being calculated 


* ‘ Roy. Soc, Froc./ A, vol. S8, p. 680. 

+ Ramsay and Young, * Chem. 8(x». Journ.,* vol. 49, p. 453 (1880). 
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from the barometer reading. The values vary from 4*247 cm. at 99^^ G. to 
4*729 cm. at 101^ C. 

The pressure of exit was observed directly by means of the gauge, subject 
to the small temperature correction. 

Corrections were applied to the approximate value of the viscosity calculated 
from the above equation, firstly for tJie variation of the dimensions of the 
capillary tube with temperature, and secondly for the slipping of the gas over 
its internal walls. In the first case the coefficient of cubical expansion of 
glass was taken as 0‘0000b and the, correction at the highest temperature, 
247° C,, amounted to 0*7 per cent. The second correction amounts to 
multiplying the approximate viscosity by the factor l + 4\/Il, where K is the 
radius of the capillary and X. the mean free path of the gas molecules under 
the conditions of the experiment. The value of which is only required 
approximately, was calculated from tlie approximate value of the viscosity, 
using the customary formula based on the kinetic theory. At the highest 
temperature this correction amounted to 2*9 per cent. 

The results of the various expc^riments and the data from whicli they are 
calculated are given in the following Table : — 


Table I. 


Teaiperafcure 
in degreei 
Centigrade. 

Pi 

m oentimetrea 
of mercury. 

m centimetrew 
of mercury. 

Transpiration 
rate in grm./seo. ! 

1 

Approximate 

viscosity 

KlOt 

1 Corrected 

1 viscosity 
! xio*. 

124 0 

4-688 

2*251 

0 -168 

1 -801 

1 -848 

124 *0 

4-478 

2-284 

6 *962 

X *801 

1 . 

170 -0 

4-546 

2*260 

' 6-028 j 

X-979 

j 2-088 

170 -0 

4 -436 

2-219 

4-738 

1*990 . 

I 2-044 

206 -4 

^ 4 -388 

2*m 

4-008 ' 

2-181 

' 2 -m 

205 -8 

4 -880 

2*276 

i 4*269 

1 

2-129 

1 2 -107 

247 -0 

4-524 

2 *276 

1 8 -698 i 

2-818 

1 2-401 

247-2 

4-602 ! 

i 

2 -288 

1 8 -679 I 

2-810 

1 2-808 


The next Table shows the collected mean results, which may be taken as 
reliable to within one unit in the third significant figure. 


Table IL 


Temperature. 

Viscosity in C.Q-.S. units 
xlO*. 

124-0 

1*848 

170*0 

2-088 

206 -4 

2*198 

247-1 

8-897 

! 
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IHscimion of Kmdts. 

The first point of interest in connection with these results is to deduce from 
them the value of Sutherland’s constant C in his equation* 

^ “ ^1 + C/T’ 

where T is the absolute temperature and K another constant. 

If we base the calculation upon the values of the viscosity at the two 
highest temi>erature8 we obtain C = 590. The reason for excluding the 
lower temj^oratures is that Sutherland does not claim that his law is valid 
for a vapour near the point of saturation. Nevertheless, the value C =: 590 
gives a calculated value of the viscosity at 170° ( -. differing very little from 
the observed value, although at the lowest temt^erature, at which the vapour 
was'superheated to the extent of 24° C. only, there is a notable difference in 
the same sense as has previously been shown to exist for bromine. 

This is shown in the following Table *. — 


Table in. 


Temperature. j 

1 

VisooM'ty observed 
k'iO*. 

ViBPoaity calculated 
xlO<. 

134 

1 -84 

1 -80 

170 , 

2-04 

2*03 

206 ‘4 i 

2-20 

2-20 

247 T 1 

I 

2-40 

2*40 


We may now test how far the results for iodine fall into line with the 
empirical laws which 1 have shown to hold for bromine and chlorine. 

The critical temperature of iodine is 507” C.,t or 780° absolute. The ratio 
Tc/C is therefore 780/590 = 1*32. This compares with 1*28 for the same 
ratio in the case of chlorine and^ 1*25 for bromine. Considering the difficulties 
of obtaining accurately the critical teajperatures of these gases, and also the 
value of Sutherland's constant C, these three ratios are equal within the 
accuracy of the experiments. 

further, if we calculate by extrapolation of Sutherland's equation the 
viscosity of iodine vapour at the critical temj>erature, we obtain the value 
3*58 X 10*“^ and the value of ijc^/A, where A is the atomic weight, is 
1*01 X lO""® which is practically equal to the same ratio for chlorine and 
bromine. 

* ^ Pha Mag./ vd. ae, p. fi07 (1803). 
t From Landolt and Tables. 
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A cODsideration of the following * Table will show to what degree of 
accuracy these two empirical laws hold : — 


Table IV. 


1 

1 T./C. 

1 * 

.10*n.VA. 

1 

j Chlorine 

1-28 

1*02 ! 

Bromine 

136 

1 -08 j 

! Iodine 

..j 1 '32 

i 

1 *01 


It will be seen that this group of gases in the periodic Table obey laws 
similar to those which hold for the inert gases.* 


A New Type of Series in the Band Spectrum Associated with 

Ilelnmi, * ^ 

By A. Fowler, F.R.S., Assistant Professor of Physios, Imperial College, 

South Kensington. 

(Received January 19, 1915.) 

Intndmtorjf, 

A previously unknown band spectrum was noticed in the course of 
experiments on hydrogen and lieliuiu made at the Imperial College in 1912, 
and was further investigated and described by W. E. Curtis in the year 
following.f An independent account of this spectrum was also given, almost 
at the Baino time, by Dr. E. Goldstein.! In each case, some hesitation was 
felt in attributing the new spectrum solely to helium, in consequence of the 
persistence of traces of hydrogen in the helium tubes employed. 

Mr. Curtis found that the band spectrum was best developed, in the wider 
parts of the tubes, when a discharge with small capacity and a small air-gap 
was passed through helium at a pressure rather higher than that which is 
usual in sealed tubes of the gas. The discharge is then quite brilliant, and 
by giving long exposures, amounting in some cases to seven or eight hours, 

* * Phil. Mag.,’ January, 1911, p. 46. 

t * Boy. 8oc. Proc./ A, voL 89, p. 146 (1918). 

X ‘Verb. <L Dsutach. Bfaya Gwll./ vol. 16, p. 402 (1913). 
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Band Spectrum Associated with Helium. 

Mr. Curfcis obtained an excellent series of photographs of the sj)ectrnm with 
the concave grating of 10 feet radius, some of which were^ in the second and 
third orders. Photographs with other iaatrunients were also taken by 
Mr. Curtis, but he has been unable to continue the investigation in conse- 
quence of his temporary enlistment. Under these circumstances it has been 
thought desirable to make a preliminary analysis of the bands, so that 
attention might be drawn to any points of special interest without undue 
delay. 

As previously described and illustrated by Curtis and Goldstein, the 
spectrum includes some conspicuous bands witli single heads, others with 
double lieads, and a number of complex regions in which no heads are 
recognisable at sight. A prominent fluting with a single head, beginning at 
X 5733, degrades to the violet, but otherwise all the flutings which have been 
recognised as ^uch are degraded to the red. 

The first result of the investigation was the unexpected discovery that the 
double-headed bands are not arranged according to the usual law of band 
spectra, but closely follow the law of line series. The structure of the 
individual bands, however, is essentially the same as’that of bands which are 
distributed in the more usual way ; that is, the distances between successive 
lines of a series form an approximately arithmetical progression. Mr. (hirtis's 
plates show five bands of tlie main doublet series, and four additional bands 
in the ultra-violet which plainly belong to it have since been photographed 
on a small scale. 

A fairly conspicuous doublet in the green, XX 5133, 5108, was nob included 
in the main series, and it therefore became important to search for additional 
bands, in order to determine if there were other series vvhioli might be related 
to the first. Only one other doublet, a faint one at 3634, 3625, was at first 
recognised by inspection, and it remained to be seeji if others could be picked 
out in the more complex regions where bands of different types might l>e 
superposed. For this purpose,, all the individual lines composing the hands 
between X6500 and X 3347 were measured, so that the special characbiar- 
istics of the different tyi>e» of bands could be ascertained. About 1300 
lines in all have been measured, but the final determinations of the wave- 
lengths, with the necessary corrections for temperature and other sources 
of error, will occupy a great deal of time, and it is not considered 
desirable to give so long a Jist until the wave-lengths have been freed 
from systematic en^ors. The provisional wave-lengths, however, are adequate 
for a first discussion. 

As a general statement, it may be remarked that the lines composing the 
single-headed bands show a smaller second difference than those belonging 
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to the doublets, but in each case the second diifermice iiKureases in paBsing 
frcmi bands in the red to those in the violet part of the spectrutn. A 
great many of the band lines can be arranged in series, but comparatively 
few additional lieads have been traced or suspected. Two doublets which 
are lelated to those about 5133 and 3634, however, have been identified, 
and also a few single»headed bands in addition to those tabulated by 
Curtis. No regularity in the arrangement of tl>e single bands has yet 
been recognised, and the present paper is accordingly restricted to the 
consideration of the doublets. 

StrucMre of the Doublets, 

The structure of the strongest doiible band, at \\4648, 4625, is illustrated 
in fig. 1, where the intensities of the component lines are represented 
rougiily by the lengths of the lines in the diagram. In this case, the 
more refrangible, and weaker, component of the doublet includes seven 
strong lines, and the less refrangible component at least eight. In each 
case tlie lines converge to the observed heads. The “ tail of the band 
consists of a large number of lines, of which the brightest form the obvious 
series which is shown in tlie diagram ; the calculated convergence point of 


ZM 216 215 214 213 2l2 2M 210 209 



Fig. 1, — The Doublet Band XX 4048, 4626. (The scale ia that of wave^auinbers, and only 

the chief lines are shown,) 


this series lies considerably on the violet side of the two observed heads, 
and the lines cease to be visible before the convergence point is reached. 
Series of the latter type are very numerous throughout the spectrum ; 
they appear to accompany all the bands, whether single or double, and 
the second difference is apparently dependent on that in the band with which 
it is connected. 

The provisional wave-lengths of the lines mapped in fig, 1 are given in 
Table 1, which also shows the corresponding wave-numbers (reduced to 
vacuum), and the first and second differences. It will be seen that the 
second differences are approximately oonstant. 
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Table I. — Detuila of the Doublet 4625, 4648. 


Intensity. 

Wave-length 

(l.A). 

Wave-nuniber. 

Isfc difference. 

2nd difference. 

i 

Beuiarks. ’ 

1 

i 

4 

4026 *40 

21618 *7 

8*2 

6-7 

11 *3 

16-8 

18 *9 

28 *5 


More refrangible 

5 

26-12 

10 *5 

8-6 

head. 

7 

27-64 

08*8 

4*6 


7 

29 '98 

21692 -6 

4-0 


e 

38 *26 

77 '2 

8-6 


e 

87 *32 

68 *8 

4*6 


6 

42-37 

84-8 


I 

.6 

4648 ‘62 

21506*8 

4*0 

7*6 

10*9 

18*7 

17 -r 

20 '4 

23 *4 


Leee refrangible | 

8 

49-88 

02-8 

8*6 

head. | 

10 

61 '01 

21494 *8 

3*4 

1 

10 

68 -87 

88 *9 

2*8 


8 

66 -35 i 

i 70 -2 

3-4 


8 

00*06 1 

68 *1 

8-8 


■ 8 

64*48 

82*7 

3-0 


! B 

69 -68 

09*3 

1 


c 

46S8 *80 

21458 -9 

86 *9 

40-7 

44*0 

47*8 

60-1 

68 *1 

56 *6 

58*8 

60*1 

62*4 

1 

Chief fteries in 

8 

66 -81 

22 *0 

8 -8 

tail. 

10 

76 *70 

21881 *8 

3*3 


10 

86 '34 

87 -8 

8-3 


10 

95 -76 

21290 *0 

2-8 


9 

4706 -82 

89 '9 

8 0 


9 

18 *01 

21186 *8 

2 ‘6 


8 

81 *04 

31 *2 

2-7 


0 

44*18 

21072*9 

1 -8 


4 

67 -69 

12 *8 

2*3 


S 

71 -86 

20960 *4 




The Main Series of Dimhlets, 

The bands belonging to the main series of doublets are readily recognised 
on inspection of the photographs. They all occur in regions which are free 
from complication by the superposition of other bands, and the last seven 
are apparently the only bands which occur in the ultra-violet between 
X 3460 and X 2950, beyond which the spectrum has not yet been examined. 
The intensities of the bands decrease gradually in passing along the series. 

The wave-lengths (International scale) and wave-numbers (corrected to 
vacuum) of the heads of these bands are given in Table II ; the first 
three have been derived from grating plates, but the remainder are only 
"approximate values obtained from photographs taken with much smaller 
4i6per8ion,'‘* 

Calculations soon confirmed the suspicion that the series was of the 
character hitherto exclusively regarded as belonging to line spectra. The 

♦ Tha instirtun«iit* whi<sh would ordinarily have been used for improving on the wave- 
lengths are detained in Eossia, where they were taken for observations of the total solar 
eoUpee of 1914, August SI. 

VOL. xor.-— A. 
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series may, in fact, be represented in the nsnal way by the formulae of 
llydberg or Hicks. For the less refrangible components of the doublets, 
which are the stronger, the following formul® have been calculated ; — 


n = 34295-86 


109679-22 
(m+ 0-928427)*’ 


n = 34295-13 


109§79‘22 

(m+0-93156l-0-006l00/m)»' 


(I) 


(!!> 


The adopted value of the Rydberg constant is that given by Curtis for the 
International scale, derived from his measurements of lines of hydrogen.* 
The differences between the observed and calculated wave-numbers are 
shown under I and II in Table II, and it will be seen that the bands are 
represented with quite an ordinary degree of accuracy. 

The wave-number intervals between the two components of the doublets 
diminish in passing to the ultra-violet, but the convergence is less rapid than 
would be the case if they corresponded with the components of doublets in 
the Principal series of a line spectrum. 

Attempts to unite the more refrangible oomponents of the doublets in 
formula; have been less successful. The simple Rydberg formula leaves 
large residuals, and even the Hicks formula with four constants is not 
entirely satisfactory. The following formulw have been calculated : — 


n = 34330-18 


n = 34324-725 


109679-22 
(w-f- 0-936830)*’ 

109679-22 

'(»!, + 0-960333 - 0-045747/w)* ’ 


(III> 

(IV> 


n = 34310-966- 


109679-22 


(m-l- 1-051264— 0-472053/TO4-0-496248/OT*)* ' 

The observed minus calculated values are shown under III, IV, V in 
Table II, from which it will be seen that there are considerable systematic 
residuals in each case. A Bits formula, with three constants, has also 
been calculated ; it gives residuals slightly larger than those given by 
formula lY. 

In view of the observed rate of contraction of the doublets, the limita 
given by formula- III and IV appear to be too high as compared with the' 
limit 34295 for the series of less refrangible heads, which is probably not 
far from correct. From this point of view, the limit given by formula V 
would seem to be nearly correct, relatively to that. of the less refnu^pble 
heads. On the other hand, the position of the band in the infra-ied corre- 


* ‘ Eoy. Soc. Pi-oo.,’ A, vol. 90, p. 006 (1914). 
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Table II, — The Main Series of Doublets, 


T " — ' 




...... ... . 




Wave-lonffth ! i 

nt. 


0 “C (a»). 


(I.A,). 


1. 

11. 

in. 

IV. 1 

1 

V. 

4648 ‘52 
4626 ‘4« 

21606 *3 
21013 *7 

2 

0*0* 

oo* 

0 -0* 

0*0* ! 

0*0* 

3676*52 
3064 '39 

27192 *1 
27277 *6 

3 

+ 3 '2 

o-o* 

+ 24*1 

1 

0*0* 

0*0* 

3356 '43 
8347 

29786 '2 
29860 *8 

4 

+ 4 ‘9 

-(-S’O 

+ 80 *3 

+ 18-8 ' 

0*0* 

3200 -4 
3200 *6 

81178 *6 
81236 *1 

5 

+ 8 *4 

+ 2-1 

+ 10*7 

1 

+ 7*2 ; 

-6*4 1 

3122 *7 

31X8 -1 

32014 ‘4 
32061 '7 

6 

+ 3*4 

+ 2-7 

+ 10 *8 

i 

+ 6 *9 i 

-2*2 ; 

8071 1 
8007*4 

32652 *0 
32591 ‘6 

7 

+ 1-9 

1 

j 

1 +1-6 

1 

1 

+ 2*6 * 

+ 0*6 

-8-0 i 

3036 *8 

3083 *4 

32920 0 
82950 *9 

8 

0*0* 1 

! 

0 *0* : 

0 *0* ! 

O'O* ; 

0 *0* i 

8012-6 

3010 '2 

38186 *0 
83210 *9 

9 

+ 2 *4 j 

; 1 

+ 2*5 

- 8*5 ! 

- 7*1 ; 

j 

-4*4 

2996 0 

2993 *0 1 

1 

33879 *0 
33401 *0 

10 

+ 1*6 

1 

+ 1*8 

-12*2 * 

- 0*9 

-6*0 


• Uw«d in the oaloulntiou of oonstant-s. 


sponding to m » 1 given by V (« = 8824) is very discordant with tliat 
indicated for the less refrangible band by I and II {n = 4803, 4711, 
respectively), and a closer agreement in this respect is shown by III and IV 
•(n s= 5093, 4404, respectively). 

The difficulty in finding a satisfactory formula for the more refrangible 
•compouents is doubtless associated with the unusual character of the doublet 
separations, which resemble neither Principal nor Subordinate series in the 
■case of line spectra. It may be remarked, however, that some of the 
known line series are not satisfactorily represented by any of the recognised 
iormulse. 

There is at all events no escape from the conclusion that the doublet 
*bands in question are arranged substantially in the same way as the lines in 
«n ordinary line series, 

TAe Second Serieti of Doublets. 

The first doublet of the second series is quite a c<nispicuous feature in the 
green of the visible spectrum, and the third can be recognised without 
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difficulty on the large scale photographs. The heads of the second band,^ 
however, occur among other band lines, and were only identified after 
measurement of the individual lines; the fourth band is very faint, and 
prolonged exposures would evidently be required to bring out additional 
members of this series. The positions of these bands are indicated in 
Table III. 

Table 111. — The Second Series of Doublets. 


Wave-length (I. A.). 

Wave-number. 

in. 

O-C (Alt). 

VI, 

VII. j 

1 

VIII, 

6188 *84 

19476 -2 


0*0* 

' 


6108 22 

19670 *9 



0 -o* 

0 0* 

4002 87 

24978 *8 ' I 

i 

Q 

+ ()-7 

! 


8989 *17 

26060 *9 



+ 9*4 I 

0 *0* 

8684 *42t 

27607 *0 

A. 

+ T1 



8624 *91 

27679 ’2 



! +7*1 1 

+ 2-0 

*45 

28878 1 


0 - 0 * 

1 


.3464r*94 

28935 ‘9 

o 


o-o* 1 

0-0* 


• Uuod in calculation of constants. 

t The flrit line of tlie lioad falU on a helium line ; itn position has been estimated from other 
lines near the head. 


The less refrangible heads of the four observed bands ard satisfactorily 
represented by the following Rydberg formula, as will be seen under VI, 
Table III:— 


n = 3195622 


10967922 
(m+ 0-964402)* ■ 


(VI>. 


The more refrangible heads, as in the case of the main series, are not well 
represented by a Rydberg formula, and it is probable that even the Hicks 
formula, would be unsatisfactory if a greater number of bauds were avadlable 
to test its applicability. The values of 0— C under VII and VIII in Table III 
refer to tl»e following forniulse : 


n = 32014-42 


109679-22 
(m+ 0-968866)*’ 


H = 32005-666 


109679-22 

(m + 0-982328 - 0 024836/ wy'' 


(VII> 

(VIII> 


Corresponding to «i = 1, formula VI gives 3534 os the wave-number of the 
less refrangible component of a possible infra-red member of the series, and 
formulae VII and VIII give 8721 and 3382 respectively for the more refran- 
gible head. 
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Gomparmn of the Two S^^ries, 

It is remarkable that, although the two series of doublets follow the law 
of line spectra individually, no relation between them corresponding to any 
which exists l>etween the different members of a system of line series is 
certainly indicated. The series which has been described as the main 
series " of doublets, in consideration of its brightness and extent, would 
probably correspond with the Principal series in the case of a line spectrum 
if it had any equivalent. The second series would similarly correspond to 
one of the subordinate series, and the fact that the first term of the series 
(w = 1) cK!Ours with a positive sign may be taken to indicate that it would be 
equivalent to a Diffuse series. A third series, which would correspond to 
the Sharp scries in a line spectrum, has not yet been identified. In accord- 
ance with well known principles, however, an approximate formula for the 
Sharp series may be derived from that for the Principal, but neither of two 
or three additional doublets whicli have been suspected occupy the positions 
HO calculated. 

In a system of line series, as expressed by the Kydberg-Sch aster law, the 
common limit of the Diffuse and Sharp series differs from that of the 
Principal series by an amount equal to the wave-number of the fii’st 
Principal line. In the present case the difierenoe between the limits of 
the two doublet series is about 2M0, while the wave-number of the first 
member of the main series calculated by the formulaj 1 and II is between 
4700 and 4300. The difference appears to be too great to l;>e accounted for 
by the approximate character of the formulte emjdoycd, and, if so, the two 
doublet series cannot stand iti the relation of Principal and Diffuse series. 
The same conclusion is suggested by the fact tliat the less refrangible 
components of the doublets are strongest in both series. 

Thus, although there can be no doubt that the heads of the doublet bands 
are arranged according to the law of line spectra, other relations sliown by 
the different series of a line system do not appear to hold. 


Snmma/iry, 

The band spectrum associated with helium, as previously described by 
Curtis and Goldstein, includes bands with single heads and bands with double 
beads. A preliminary analysis of this spectrum has led to the following 
conclusions: — 

(1) The doublets do not follow the ordinary law of band spectra, but can 
be arranged in two series of tlie type hitherto exclusively associated with line 
spectra, and can be approximately represented by the usual formulas 
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involving the Rydberg constant. Nine bands of the main series and four of 
the fainter second series have been identified. 

(2) The two series may be likened to the Principal and Dififiise series in 
the case of line spectra* but the usual relation Imtween such series is not 
certainly indicated, and no equivalent of the Sharp series has yet been traced. * 

(3) The doublet separations are not in accordance with those associated 

with line spectra; they diminish in passing along the series, but do not vanish 
at the limit, ^ 

No regularity in the arrangement of the single bands has been recognised. 

The author is indebted to Mr. F. S. Phillips and to Major-General du Gard 
Gray, C.B., for photographs of the new band spectrum supplementing those 
pi*6viouely obtained by Mr. Curtis. 


The Influence of Molecular ConstitMtion and Temperature on 
Magnetic Sueceptihility. Part III . — On the Molecular Field 
in Diamagnetic Substances. 

By A. E. Oxley, M.A., M.Sc., Coutts Trotter Student, Trinity College, 
Cambridge, Mackinnou Student of the Royal Sqciety. 

(Coramuiucated by Prof. Sir J. J. Thomson, O.M., F.R.S. Received June 24, 1914.) 

(Abstract.) 

The work is a continuation of that in * Phil. Trans./ A, vol. 214, 
\i\K 109--146, which contains Parts I and 11. 

The suggestion made at the end of Part II, p. 143, that the local molecular 
field in diamagnetic crystalline substances may be comparable with the ferro- 
magnetic molecular field, has been justified. Estimates of the order of 
magnitude of this field have been obtained from the following sources : — 

(a) The chanf/c of specific SKSceptUnlUy accompanying cryHtallisatwn, The 
extent of this change may be interpreted, on Ijangevin's theory of dia- 
magnetism, as produced by a local molecular field of the order of intensity 
10^ gauss, which comes into operation on crystallisation (§ 4). This intense 
local field distorts the molecules and alters the periods of vibration of the 
contained electrons. From the nature of the structure which has been 
postulated for a diamagnetic molecule, this field is of an alternating character, 
the distance over which it is unidirectional l)elng comparable with the 
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distance between the molecules. When a substance crystallises* the periods 
of the vibrating electrons will be changed and the extent of this change is 
the Zeeman effect of the local molecular field. In general we shall get a 
simple displacement of the line, corresponding to a particular vibration, and 
not a doubling. This effect is a consequence of the peculiar structure of the 
diamagnetic molecule and its magnitude is a measure of the shift of an 
absorption band owing to crystallisation. {Cf. the pressure-shift of spectrum 
lines.) 

(b) large valm of tfu*, natural dauUe refraetmi \f cnjstaUine media, ae 
mmpared mth th4> artificially induced double refraction in the- eor7ryfgx}ndinf/ 
liquids v)hen mhjeeted to the. largeM magnMie fisld at our d'ispOHaL 

It is at once seen that the local molecular field must l)e large compared 
with the largest field obtainable in the laboratory (< 10® gauss) in order to 
account for the augmented double refraction of the crystalline state. The 
value of the local molecular field deduced is of the order 10^ gauss (§ 4). 

(c) The jHdmiticd energy associated with the loml moleeidar field. The intense 
local molecular field which (a) and (b) disclose implies that the potential 
energy (magnetic) associated with a diamagnetic crystalline structure is very 
large. This energy, expressed in thermal uuitH per gramme of the substance, is 
a measure of the latent heat of fusion (§ 6). The Vfilues so obtained are of 
the right order of magnitude. If, as the fusion point is approached, the 
molecules assume rotational vibrations, then we should expect that tlie^ 
specific heat of the substance would be abnormally high over such a critical 
region of temperature. Abundant experimental evidence sliows that such is 
the case. 

(d) The change of volume mi cryaiallisalion may be interpreted as a magneto- 
striction effect of the molecular fields providing this field has an intensity of 
the order 10^ gauss locally. 

These results are sufficient to establish the magnitude of the local mole- 
cular field in crystalline diamagnetic substances and show that it is of the 
same order of intensity as the ferro-inagnetic molecular field. As stated above, 
this field in diamagnetios is of an alternating character, the distance over 
which it is unidireotional being comparable with the distance between the 
molecules. Nevertheless, it produces a definite distortion in every molecule 
of the crystalline structure. This is in accordance with the hypothesis of 
molecular distortion, which forms the starting-point of the present work (see 
the Introduction to Part I), It is this intense mutual action between the 
mdeoules which gives rise to the rigidity of crystalline media. As the 
molecules will exert different mutual influences in different directions, 
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according to their particular structure, the rigidity will be greater in some 
directions than in others. This accounts for the existence of planes of 
cleavage in crystalline media (§ 5). 

The experimental evidence for the change of susceptibility on crystallisa- 
tion, from which the theory of the molecular field in diamagnetic substances 
has developed, is contained in Part I. About 25 aromatic substances were 
investigated altogether, and for these the conclusions stated above hold good 
in so far as the data for individual cases are obtaitiable. Aliphatic substances, 
however, show an almost inappreciable change of susceptibility on crystallisa- 
tion, and the object of the additional experiments of § 6, together with the 
"‘parallelism between the magnetic double refraction of liquids and the 
change of susceptibility due to crystallisation,” develoj>ed in § 7, is to show 
that tfjese condusions may be extended to diamagnetic crystalline media in 
general. The extent of the induced magnetic double refraction depends upon 
the degree of dissymmetry and unsaturation of the molecule. As the 
induced double refraction in aliphatics is inapj)reciable (Cotton and Monton), 
we may conclude that these factors are small for such shbstances. In the 
most favoumble oases of unsaturation and dissymmetry the value of dx 
amounts to a few per cent. only. It is, therefore, pix^bable that with 
aliphatic substances the value of dx would not be detectable, even though the 
molecular field is comparable with 10’ gauss. 

The source of the local molecular field in diamagnetic substances must be 
located in the individual atoms. The molecular field is then a result of the 
co-operation of these atomic fields when the molecules become related to one 
another in a definite way in the crystalline structure. It is pointed out that 
such fields residing within the atoms are identical with the magnetic atom 
fields of Bits and Humphreys, and probably also with the field of the 
magneton. 

In conclusion, a discussion of the nature of the molecular field is given 
(§8). This field must be localised to a large extent in all substances in 
order to satisfy the condition of continuity of magnetic induction. I hope 
to publish further extensions of this work in a future communication. 
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The Transmission of Electric Waves over the Surface of the 

Earth. 

By A. E. H. Lovk, F.R.S, 

(Received December 19, 1914.) 

(Abstract.) 

An analytical sola lion of the general equations of elec trod yn an lica is 
obtained for the case of waves generated by a vibrating doublet in presence 
of a conducting sphere, and is adapted to obtain the known solution for 
perfect conduction, and tlie correction for moderate resistance, such as that 
of sea- waiter. The known solution is expressed by the sum of a series 
involving zonal harmonics, and the correction by a similar series. Difierent 
results have been obtained by different writers who have investigateil the 
numerical value of (.he former sum. In the paper a new method of summing 
the series is explained, and worked out in detail for the wave-length 
0 km. In the case of perfect conduction the result confirms that found 
by H. M. Macdonald.* The effect of resistance is found to be a slight 
increase of tlie strength of the signals at considerable distances, counter- 
acting to some small extent the enfeebling efiect of the curvature of the 
surface. A comparison is instituted between the results of the theory and 
those of recorded experiments. From these it had ])reviously been inferred 
that the diffraction theory fails to account for the facts ; but, after a 
discussion of the experimental evidence, it appears that tlie observations 
may admit of a different interpretation, according to which the results of 
the diffraction theory would be in good agreement with those of daylight 
observations at great distances. 

* ‘ Proc. Roy. Soe.,’ A, vol. iK), p. 50 (1014), 
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On the Origin of the Indo-Gangetic Trough ^ commonly called 
the Himalayan Foredeep* 

By Colonel Sir Sidney Burrard, K-C.S.L, RE,, E,K,S,, Surveyor-General 

of India. 

(Received July 31, 1914.) 

1. The Question u/nder Discimion* 

The plains of Northern India consist of alluvial deposits brought dowrf by 
the Rivers Indus and Ganges. These plains conceal from our view a deep 
trough that has been formed in the solid rock of the Earth's crust. The 
trough is bounded on the north by mountains of the tertiary age and on the 
south by an ancient pre-tertiary tableland. North of the trough the Earth's 
crust lias undergone continual compression, disturbance, and uplift since the 
l^eginning of the tertiary age ; south of the trough it has remained undis- 
turbed since the close of the paleeozoic era.* On fig. 1 are shown the 
Indo-Gangetic trough, the mountainous area on its north, and the tableland 
on its south. 

From the writings of Suess, the Indo-Gangetic trough has come to be 
called the Himalayan foredeep. In this paper I am proposing to consider 
one question only, namely, the origin of the Himalayan fovedeep. 

2. The Zone of Low Density in the Crttst. 

In 1912 I published a paper in which I endeavoured to show that a zone 
of low density underlies the Indo-Gangetic alluvium and skirts the southern 
foot of the Himalaya Mountains.! 

The existence of this line of low density in the crust has not been disputed. 
Its sigaifioance lies in the fact that it furnishes an argument against 
Prof. Suess's theory of Himalayan formation. Prof. Suess held tliat the 
mountains of Tibet and Persia are advancing southwards in a great series of 
folded 

Mr. Hayden, Director of the Geological Survey of India, writes that the 
great series of folds in Central Asia ore supposed to have been caused by a 
horizontal thrust from the north.g 

♦ ‘ Geology of India,’ p. 2, E. D. Oldham. 

+ Sm^vey of India Pi*ofeesional Paper No. 12, *On the Origin of the Huuaiayem 
Mountains.’ 

I * The Face of the F^arth,’ vol. 1, p. 696. 

§ * Sketch of Geography and Geology,’ p. 4S. 
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Mr. MiddlemisH speaks of the. well-establislied forward march " of the 
Himalaya range,* 

Mr, Oldham states tlxat there has been a southerly advance of the margin 
of the lulls since the Upper Siwalik age.f 

It will thus be seen that geological authorities have adopted the theory that 
the Himalayas are advancing southwards towards the foredeep. 

The discovery of a zone of deficient "density in the crust skirting the 
Himalayan foot led me to ask this question : Is the existence of this long 
line of deficient density lying south of the Himalayas compatible with the 
view that the crust of Asia is l)eing pushed southwards by a tangential foree 
from the north? 

My conclusion was that the existence of this deficiency of matter through- 
out the northern zone of the ludo-Gfingetic alluvium was a strong argument 
against the theory that the Himalaya Mountains are moving southwards. 

The Himalayas are a portion of the plateau of Perso-Tibet, and this plateau 
appears to me to owe its elevation partly to direct vertical uplift and partly 
to horizontal thrusts. Horizontal forces from the north and the south seem 
to have squeezed the plateau between them ; on the north side of the plateau 
the horizontal tlirust seems to have emanated from the low-lying plains of the 
Oxus and from the deserts of Tarim (fig. 1), and to have acted in a southerlj' 
direction ; on the south side tbe hoiizontal thrust seems to have omanatetl 
from the low-lying plains of the Euplirates, Indus, and Ganges, and to have 
acted in a northerly direction. 

I closed my paper of 191.2 by suggesting that the Himalayan foredet^p had 
l)een caused by a tension in the crust and that it was, in fact, a crustal 
opening or rift. 

I made use in places of the word “ crack.*' The objection has since been 
raised that the sub-crust of the Earth is in too viscous a state to crack.” 
It has been stated that by the use of the word “ crack ” I have assumed that 
the sub-crust is solid, and behavoR like a solid. I do not, however, wish to 
make any such assumption, nor do I wish to insist on any particular wox'd. 
Here, iu front of the Himalayas is a deep trough ; this trough has been 
attributed by some authorities to horizontal '"compression” of the Eartli's 
crust; it has been attributed by others to depression ” of the cruet by the 
weight of alluvial deposits. 

1 ask that the hypothesis of an “ opening ” of the crust may be oonsideix^d 
side by side with these hypotheses of “ compression ” and "'depression.” If 
the Hub*crust is regarded as solid, the word crack ” will define my meaning ; 

* * The Kangra Earthquake/ p. 340. 
f " Geologv of India/ p. 470, K, 1>. Oiflhani. 
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if the sub-crust is regarded as viscous, the words ** tension ” or “ stretching'' 
or ''o{)eniiig” can be substituted fqr the word crack/' 

The Si Will %k Foot*hills, 

AVedgod in between the Himalaya MouutaiiiH and the Indo-Gaugetic trough 
is a narrow zone of low foot-hills called the Siwalik Hills. It is open to 
question wlietber these hills ought to be classed with the mountains or witli 
the “ foredeep/' 

The materials composing the Siwalik Hills are so similar to the recent 
alluvial deposits that they are regarded as an elevated portion <d the Jndo- 
(Tangetic plains. 

Compared with the great rtinges of the Himalaya and Til>et, the Siwalik 
range is insignificant ; compared with the alluvial deposits filling the Indo- 
Gauge tic depression, the Siwalik masses are small. In disoufisions of 
Himalayan questions, the Siwalik Hills assume importance, because they 
are always before our eyes. Popular and crowded European stations are 
situated in the ou(^r hills, and we are apt to attach undue importance to 
our surroundings. 

But in the formation of the Himalaya Mountains on the one side and of 
the Himalayan foredeep on the other, these small intermediate Siwalik Hills 
are mere secondary effects. 

The strata of which the Siwaliks are composed date back to early tertiary 
times, and throughout this period have been subjeote<l to horizontal com- 
pression and to disturbance. Although they have undergone long-continwed 
tangential compression, these hills have not l>een elevated into mountains 
like the tieighbouring Himalaya. The explanation of this difference is, I 
think, that the Himalaya Mountains have been upraised by forces acting 
at great depths in the Earth s sub-crust, whilst the Siwalik Hills have beea 
formed out of the outer crust. The foundations of the Himalaya Moun- 
tains extend downwards to depths perhaps of oO miles or more ; the Siwalik 
Hills are wholly superficial. I attribute the compression of the Siwalik 
strata to the opening of the Himalayan foredeep; as the foredeep opens, 
the superficial strata along its northern edge are squeezed against the 
Himalayan Mountains. 

4, Mr, OWmm^s Explmiation of the Himalayan Foredeep, 

The explanation of the origin of the Himalaya Mountains given in 
Mr. Oldham’s * Geology of India/ pages 471^74, is based upon the Rev, O, 
Fisher’s theory that the crust of the Earth is floating upon a fluid magnm. 
It would be beyond the scope of this paper to enter into the details of the 
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Fisher-Oldimni theory of mountains, as I wish to confine myself to Mr. 
Oldham's recent i>aper in tliese ‘Proceedings/ vol. 90. The main feature 
of that paper is his discussion of the Indo-Gangetic trough. In his opinion 
this trough has been created by the sinking of the crust under the weight 
of the alluvial deposits brought down from the mountains by the rivers. 

To quote iiis own words : — “ The load tlu'own on D (the alluvial plains) will 
cause it to sink specially in the neighbodrhood of A (the Himalayas) where 
the load is greatest, till tlie magma displaced by the lower surface of the 
crust is sufficient to float the load/’^ 

Mr. Oldham’s explanation of the Indo-Gangetic; trough is that it is a 
"depression ” due to the sinking of strata under their own weight. 

Prof. Suesfi's explanation is that this trough is a downward bend of the 
crust of the Earth in front of the advancing Himalayan wave. Mr. Gklham 
attributes the trough to vertical subsidence and depression ” ; Prof. Suess 
attributes the trough to horizontal "compression from the north.f 

I have ventured to suggest that the trough has been due imitlier to 
" depression” under weight of load, nor to "compression” by liorizontal force, 
but to the opening of the sub-crust under " tension.” Three different 
hypotheses have thus been submitted for consideration. Of these Suess’s 
hypothesis of " compression ” has been severely criticised by Prof. .] ames 
Geikie in Chapt/cr XI of his recent w’ork, 'Mountains — their Origin, Growth, 
and Decay.’ 

In this paper I propose to consider the two hypotheses of " depression ” 
and of " tension ” and to explain my reasons for thinking that the hypothesis 
of a Bul>-cru8t opening under tension is more in accordance with observed 
facts than the idea of strata being depressed under their own weight. 

Mr. Oldham accepts the existence of the geodetic line of low density, and 
his explanation of that line, i.r. of the Himalayan foredeep, is this : 16,000 
to 30,000 feet of sediment have been deposited by the Himalayan rivers at 
the foot of the mountains; the Earth’s crust has been insufficiently rigid 
to support these deposits, and the latter have continued to sink deeper and 
deeper into the solid crust. 

With reference to this theory of strata sinking under their own weight 
1 beg to invite the attention of geologists to the following considerations :~ 


* ‘ (Geology r»f India/ p, 474, It D. Oldham. 

t Mr. Oldlmin evidence of compi'eesion in the Siwalik Hilk, but he thinks that 
the compressipj] caused by the advance of the Himalayas " will det>cUe the marginal 
depoeiU’'; he dc>eH not attribute the trough-like form of the Himalayan forodeep to 
conqiresaion." 
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5. First ComuUration : The Weight of the Load. 

If alluvium of density 2*1 is resting in rock of density ’^27, as Mr. Oldham 
assumes, like an iceberg rests upon water, the portion above sea-level will be 
two-sevenths of that below sea-level ; if alluvium has been pressed down by 
its own weight to a depth of 20,000 feet, displacing a denser substance, we 
ought to see 5700 feet of it standing above sea-level; if it has been pressed 
down by superincumbent weight to 30,000 feet, there should be 8600 feet 
above sea-level. The actual height of Jalpaiguri, Mr. Oldliam’s station on the 
alluvium, is, however, only 280 feet above sea-level. 

Mr. Oldham's assumed sub-crustal magma is denser than the crust floating 
upon it. If juy calculations are to be made rigorous, we must compare the 
weight of the alluvium with the weight, not of displaced rock, but of displaced 
magma ; and the alluvium will then be computed to be standing at a greater 
height even than I have deduced above. The fact that it does not stand at 
any such height is a strong argument against the hypothesis of a quasi - 
liquid interior for the Earth as well as against the general idea of sinking 
strata. 

6. Second Conmhmiion : The Tmearora Deep, 

The Himalayan foredeep resembles the Japanese forodeep, commonly known 
as the Tuscarora Deep ; these two foredeeps, though diflbring in certain 
particulars, have so many features in common that they are believed to have 
originated from similar causes. The Himalayan foredeep is now filled with 
alluvium, the Japanese foredeep is still filled with sea-water. The Japanese 
foredeep will possibly be filled with sedimentary deposits in time, but its 
existing trough-like form cannot be attributed now’ to the weight of deposits. 
The existence of a long trough, between 5 and 6 miles deep, that has 
obviously not been caused by dei^osits, is a strong proof that the 
Himalayan foredeep has also originated independently of the deposits which 
now fill it. 

7. Third Comideration : Ttu- Submarine SwatcluH. 

To the best of my belief the Indo-Gangetic trough is continued out to sea, 
both on the east and on the west. I attach two small charts (figs. 2 and 3), 
which show the submarine troughs extending seawards from the deltas of 
the Ganges and of the Indus.* These troughs have not yet been filled 
with alluvial deposits, they are antecedent to the deposits. It is a 
significant fact that in Indian waters the only rivers that are continued 
seawards by submarine troughs are the Ganges and the Indus. The 
Godaveri, the Oaveri, the Kistna, have no such troughs extending beyond 
* * Geological voL 10, No. 591, p. 387, September, 1913. 
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their deltas. The submarine troughs of the Ganges and Indue will doubtless 
be filled with deposits in time, and our successors may then be led to believe 
that the troughs were created by the weight of these deposits. 

In early tertiary times, before the existing loads of silt had been brought 



down from the mountains by the rivers, the Indo-Gangetic trough had already 
been formed and was a naiTow arm of the sea.* 


8. Fourth Consideration : How Rivers Itapomt their LooAs, 

Mr. Oldham writes that the load of silt thrown on to the plains will cause 
them to sink, ** especially in the neighbourhood of the Himalayas where the . 

* H. H. Hayden, ‘Sketch of Geogi'aphy and Geology of the Himalayas,* p 3155. See 
«o charte in McGabe’a ‘ Story of Evolution.* 
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load ie greatest/’ He assumes, therefore, that a river debouching from 
the Himalayas will deposit the greatest portion of its load near the point 
where it leaves the hills, and that as the load of silt sinks into the crust 
tlje amount of crustal subsidence along the course of the river will be 
greatest wliere the river leaves the hills. 

IjCt us take two contiguous Himalayan rivers, the Granges and the Jumna ; 
the Ganges leaves the mountains at Eikkikesh, the Jumna leaves them at 


67 
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Kalei. liikkikesh is 45 miles from Kalsi. The great load of silt brought 
down by the Ganges will (awjording to the theory of “ depression by 
weight") cause a sinking of the crust near Ilikkikesh, whilst the load 
brought down by the Jumna will cause a subsidence near Kalsi. But why 
should these silt-loads of the Ganges and Jumna cause subsidence of the 
crust throughout the 45 inilea that intervene between Bikkikesh and Kalsi ? 
The geodetic observations have led us to believe that there is a deep 
invisible trough skirting the foot of the mountains; we have no geodetic 
data in support of the view that the depth of this trough increases at 
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points where rivers emerge from the hills and decreases at intermediate 
points. The geological theory demands not a continuous trough in the 
crust, hut a series of basins under Hurd war, Kalsi, and similar riverain 
points.* 


9. Fifth Cori^kieraiion: Tkv Hidden Tronghn of the Fnnjah, 

Mr. Oldham, dealing only with the elistern lialf of the ludo-Gangetic 

trougli (see fig. 1), shows in his diagram that the alluvial deposits of a 

river are a maximum at the foot of the mountains and decrease gradually 
as the river recedes from the mountains. On its northern margin, he 
writes, the depth of the alluvium is great, on its southern margin m 
thickness is small ; the depth, he assumes, “ decreases gradually from north 
to south.” But let us apply this hypothesis to North-Western India, to 
the plains of the Indus and Sutlej (see fig. 1). The Punjab is bounded on 
the north-west by the Sulairnan range and on the north-east by the 

Himalayas •(fig. 1). We have reason to believe, though the evidence is 

not yet complete, that a trough filled with alluvium skirts the I'eet of both 
ranges ; this deficiency of matter runs round the edge of the Punjab plains : 
in the centre of the Punjab is an excess of matter. The alluvial deposits 
over the Punjab have, however, been brought down from the Himalayas 
by the Indus, Jhelum, Chenab, liavee, Beas, and Sutlej (fig. 1). Where 
the Ravee leaves the Himalayas, near l*athankot, a deep hidden trough 
exists ; this trough should, according to the “ depression by weight ” theory, 
become shallower os the Ravee crosses the Punjab ; it does become shallo^yer 
for a certain distance, but on the w^est of the Punjab becomes deeper again, 
namely, along the foot of the Sulairnan Mountains ;t this deepening demands, 
according to Mr. Oldham's theory, a new source of alluvial deposit, and as 
wo found the source of the eastern deposits in the Himalayas so w'e naturally 
turn to the Sulairnan Range to supply the western ones; but the rivers of 
the Sulairnan have always been insignificant, compared with those of the 
Himalaya, and their alluvial deposits have been trifling compared with those 
of the Indus ; and we find that whereas the association of a trough of deficient 
density with the foot of a mountain range holds good on both sides of the 
l*unjab, the association of this trough with sources of alluvial deposit iiolda 
good only on one side ; if, therefore, the weight of the alluvium was not the 
cause of the trough below the Sulairnan Mountains, it is difficult to argue 
that it must have been the cause of the trough below the Himalaya. 

* Thi» theory will be tOKted goodetitially. 

t See Plate 5 of Lenox -CJonynghaiii*i!i ‘Pendulum <>i)eration« in India.' 
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10 , Su'ih Comideratim. : Tht: Borr^ Holcim. 

Tile plains of Northern India are deposits of silt brought down by rivers 
from the Hiiualayas. Bore-holes have been sunk and remains of organic life 
found buried at great depths in the silt ; it has been assumed that the rock- 
iloors underlying the Indus-Ganges valleys have been continually sinking 
under the increasing weight of the deposits. Both on the west and on the 
east, long, deep, narrow^ submarine troughs extend out into tlic oceans in 
continuation of the Indus and Ganges valleys. The waters of the Indus and 
(Ganges are continually pouring silt into these troughs ; amongst the silt are 
rerniiins of organic life that once flourished at sea-level — plants, shells, hones — 
and these are being de[)osiU;d at great depths in the troughs. The assump- 
tion that organic remains found at depths in bore -holes must have been 
originally deposited at sea-level is thus not justitied. The simplest explauu- 
tiofl is that the plains of Northern India are concealing a sub-crustal crack, 
that the submarine troughs are continuations of the crack, and that as the 
crack has o];)ened and grown deeper, the deposits filling it up have been con- 
tinually sinking to lower levels. 

11. Tti^ S%d)teTraman Form of the Indo-Ganyeiic Trough^ the of Uh 
‘ Itock-ivalhy the Depth of itn Bock- floor. 

In my original paper on this subject I emphasised the fact that a band of 
low density exists in the crust along the northern border of the Indo-Gangetic 
trough. I thought that this band of low density indicated an opening in the 
Earth's crust, and this view was strengthened by the topographical appear- 
ance of the Indo-Gangetic trough, the parallel sides of which give the idea of 
a crack in our planet (see fig. 1), But I did not presume to deduce any value 
for the depth of the trough from the geodetic results. 

It is true that I did refer on one occasion to a possible depth of 20 miles, 
but this figure was independent of the geodetic results : I suggested 20 miles 
for the depth of the crack, because that is the depth at which earthquakes 
have their origin in our time. 

The geodetic results justify the eonclusiou that a line of low density exists ; 
Mr. Hayford writes to me from America : — 

Your present work is certainly very effective in showing clearly the 
existence of a belt of defective density and a belt of excessive density 
each crossing India. No future investigation will contradict those two 
oonedusione." 

The line of low density is proved, but we cannot determine the exact form 
of the trough. I admire the skill with which Mr. Oldham has grappled with 
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the geodetic problem, but still the hgures in his paper, published by the Eoyal 
Society, have all been based on three uncertain assumptions: — 

Firstly, he has had to assume that the Himalaya Mountains are everywhere 
in complete local isostatie equilibrium ; secondly^he has had to assume certain 
values for the densities of alluvium and rocks at great depths ; and, thirdly, 
lie has had to assume an intimate knowledge of deep-seated geological 
formations in a foredeop, the origin of which is unknown. 

There is evidence to show that the Himalayan mass is largely compensated, 
as a whole, but when we come to nutnerioal calculations it is unsafe to assume 
that the compensation is locally elective.* 

Mr. Oldham has told us that 15,000 to 30,000 feet of sediment have been 
iteposited along the foot of the Himalayas, and that these deposits hav^e sunk 
into the EarthVs crust, and created a trough by their weight. These deposits, 
lying in their self-made trougli, he calls the ‘‘invisible topography/’ and he 
tells geodesists that they must make allowance in their calculations for the 
invisible as well as for the visible topography, But what happens when 
these deposits are disturbed ? Geologists have found that these deep deposits 
liave in places been elevated above sea-level. 

Mr. Oldham himself writes in the ‘ Geology of India/ p. 470 : “ The Hiwaliks 
now form low hills, in which these once horizontal deposits have been dis- 
turbed, elevated, and exposed to denudation.” 

Where, then, is his invisible topography f Is it lying in its bed undis- 
turbed, or lias it been uplifted ? If it has been uplifted, has the ol<l rock 
which the alluvium depressed been uplifted also. In his calculations 
Mr. Oldham has assumed the existence of undisturbed deposits, when the 
latter are known to have been elevated. On p. 40, ‘Proceedings of the 
Royal Society/ vol. 90, Mr. Oldham draws the deepest part of his undisturbed 
trough exactly under tlie zone where the deposits have been elevated. 

If we observe the plumb-line or pendulum at the Earth’s surface, we 
constantly obtain results that have no apparent topographical or geological 
explanation ; we find the plumb-line deflected away from visible mountains, 
we find it deflected towards oceanic hollows, we even obtain abnormal results 
wlien observing upon desert plains. It is evident tlmt there exist invisible 
deep-seated causes. The calculation of the depth at which those invisible 
(iaviaes are situated is a complicated probleiu, If we make different asaump- 

* A laige floating ieoberg in in equilibrium at a whole : its viaible mawHos above mea- 
level are comf)eu»iite(l by invisible masses below sea-level fw a whole. But every ice 
pinnacle of the berg is not individually and locally compensated by a con'enponding root 
of ice. Under the Himalayan station, Mussooree, height 6924 feet, the compensation 
appears to amount only to three-fourths of the visible mountain. 
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tioiiB concerning the dimensions and densities of a hid<len disturbing cause, 
any nxuuber of different values of the depth can be found to satisfy the 
geodetic results. 

Mr. Oldliatn has taken the plumb-line observations of a few stations and 
has endeavoured to show that these observations can bo exjdained on the 
hypothesis that the Gaugotic trough is 3| miles deep. 

It is easy, however, by slight changes in the assumptions to obtain greater 
values for the depth of the foi-edeep than 3| miles, and I do not know why 
the smaller value should be preferred to the greater, 

Mr. Oldham, wishing then to show that a rift would not produce effects in 
accordance with geodetic results, assumes a rift of symmetrical section, 
17 miles deep, o miles wide.* T agree that this assumed rift does not accord 
in any way with the geodetic results. The only references that I made in 
iny memoir to the form of the Indo-Gangetic rift were as follows : — 

(i) “The Himalayan sid(‘ of the rift appears to be a steep wall, the southern 
side lias a gentle slope (p. 3). 

(ii) “ There has been a succession of cracks in .successive sub-crustal shells. 
On each occasion that the rift has become deeper, it has opened further north 
than before. Only by such an hypothesis am I able to explain the steepness 
of the wall on the north side of tlie rift and the gentleness of the slope on the 
south aide ” (i>. 7). 

The above extracts will show that the idea of a symmetricnl rift, 17 miles 
by 5 miles, has not been derived from my paper. 

The Himalayan foredeep has, I think, the same form as the great deeps off 
the const of Asia ; the following extracts are borrowed from Prof. James 
Geikie's recent work on ‘ Mountains : their Origin, Growth, and Decay' : — 

“ On the accompanying map, a section across the Pacific from Japan to 
North America shows the Tuscarora deep of the great Japanese trough. It 
will be observed that tlie sea-fioor descends from the coast at a somewhat 
high angle to the depth of 4600 fathoms, after which it rises with a much 
gentler gradient, until the level floor of the ocean is reached at a depth of a 
little over 2000 fathoms. The deepest part of the trough, therefore, lies 
relatively close in shore or at tlie foot of the continental escarpment. 

** The bottom of the Aleutian trough is somewhat irregular, vaiying in 
depth from 3000 to 4000 fathoms, ft extends from the Alaskan Peninsula 
along the wliole front of the arc of islands, and is almost continuons with the 
enormous Japanese depression. The latter skirts the outer coasts of tlie 
Kurile Islands, Japan, and the Bonin islands, with a deptli ranging between 


* Such dinwiwiona an 17 miles by 5 miles were not mentioned in riiy jwiper. 
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3000 and 4000 fathoms, the deepest part of the trough throughout its whole 
extent lying nearest the land. 

“ Tho Philippine trough begins opposite the Riu Kiu Islands, and extends 
along the whole eastern margin of the Philippines to Tulur Island, at a depth 
of 3000 to 4700 fathoms, the greatest depths, as in all other cases, lying 
closest in shore.’' 

Geodetic observations have led us to-' infer that the rock-lloor of the 
Himalayan foredeep has a steep siojxj on the side of the mountains and 
a gentle slope on the opposite side. It would, however, be unsafe to assume 
that these surface forms are the results of superficial causes. The com|:>en- 
sation of mountains and continents extends, according to Mr. Hayford, to a 
depth of 70 miles ; tlie Himalayan and Japanese foredeeps are both lines of 
constant seismic activity, and the earthquakes are believed to occur at depths 
exceeding 20 miles. The forms of the Himalayan and Japanese foredeeps 
are possibly the effects at the Earth's surface of deep-seated sub-crustal 
movements.* 

The idea I have formed of the Indo-Gangetic trough and of the Tuscarora 
deep is that sub-crustal shells have been cracking under tension, and tfmt tho 
cracks have teen followed by sub-crustal movements (due to shriuknge at 
considerable depths) towards the side of the mountains. The ciacks may 
have become filled, partly by lava flows from below, partly by slow rock- 
flows from the sides, and partly by d(5bris from above. All that wo know of 
the materials filling the trough is that they are abnormally light. 

Before I leave the question of the form of the trough, I must refer for one 
moment to tho position of that point at which the depth is a maximum. 
Mr. Oldham makes this point actually under the Siwalik Hills (see his 
diagram on p. 233). The geodetic observations lead me to place the greatest 
depth of the trough altogether south of the Siwalik Hills, and many miles 
south of Mr. Oldham's position. 

In the ‘ Geological Magazine,' vol. 10, No. 594, pp. 632-536 (December, 
1913), Mr. Oldham wrote as follows : — 

“ Every observer, in every jiart of the range which has been visited, has 
found evidence of compression in precisely that zone where Colonel Burrord's 
postulate demands extension." 

Geologists have, it is true, found evidence of compression in the mountains, 

♦ The width of the Himalayan foredeep varies from 3ft0 miles in North-West India to 
100 miles south of Nepal. Captain CoucWan, in charge of the pendulum observations, 
is of opinion that the deepest part of tho Himalayan foredeep is not where the alluvial 
deposits stand highest above sea-level, but is opposite to Eastern Nepal, where the 
Himalayan range is at ite highest. 
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but not in the “ foreileep ; my postulate demands extension in the foredeep 
only, not in the mountains. I submit that the yielding to tension under the 
foredeep has been the cause of the compression in the mountains. 

Whilst I have no means of determining either the depth of the Himalayan 
foredeep, or the densities of the rocks and debris that are filling it, I give in 
fig. 4 (/>) a rough diagram to illustrate my idea of the form of the trough. 

The figure 4 (a) is copied from Mr. Oldham’s paper, p. 40, * Proceedings of 
the Koyal Society/ voL 90 (1914). M and N represent the Himalayas, R to S 
represents the Siwalik foot-hills. This figure 4 (a) illustrates Mr. Oldham’s 
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explanation of the foredeep. The bottom of his foredeep is shown by means 
of the dotted line AB. His idea of the form of the foredeep is RAB. 
According to his explanation river deposits have sunk by their weight to the 
depth of*the line AB, and RAB is the invisible topography.” He believes 
that the Himalayas, NM, have moved southwards and have crumpled up the 
Siwalik foot-hills at R and S. He places the deepest point of the foredeep 
at A, i.e. at the northern edge of the Siwalik foot-hills. 

Fig. 4 (J) illustmtea my idea of the form of the foredeep, which I have 
drawn with a dotted line. I place the deepest point of the foredeep at D, ie, 
south of the Siwalik foot-hills. The depth of I) is unknown. 


South 


South 
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The explanation which I beg to offer is that the Earth's figure and outer 
shells have been under tensile strain and that the foredeep has opened 
from E to C\ As the sub-crust at C has been forced to move northwards, 
the Himalayas at M and N have been uplifted vertically, and the Siwalik 
deposits at S and E, after sinking into the rift, have been uplifted and 
pressed against the Himalayas. 

12. The Hy pother of a Ili/t. 

I am indebted to Mr, J. de GraafiF Hunter, M.A., Mathematical Adviser to 
the Survey of India, for the following note upon the cooling of the Earth and 
upon cracks in the sub-crust. 

Note 07 i Cooling of the. Earth and Cracks in Suh-erv^t. 

By J. i)K Guaaff Hunteu, M.A. 

It appears to me that the eaily state of the Earth must have been such as described liv 
Lord Kelvin.'^ 

The state prosupposed ia a globe in a fluid state, on oc'count of its higli teinp<jratnr(\ 
losing heat by radiation ; this ia the first stage. I think it is unnocesHary to go furthei’ 
I lack and discuaH the most pi'oliable way in which this state was airived at ; it afipeai's a 
highly prolmble early state. The aubswiuent history of such a globe would be a.s 
fcillowB : —First of all an outer layer would cool and eventually solidify. If, as occiuw in 
practically all known substances— and surely in the great bulk of the materials which 
make up the Earth — the material of the crust contracts with cooling, it accordingly 
bocomes more dense than the fluid lielow it, and it breaks up and sinks into that fluid, 
Pi’obably it melts again, but by doing so it cIuUb the surrounding fluid to some extent. 
This process seeuiH to l>e continuous until a solid core is formed ; and this core will keep on 
increasing in size as the successive surface crusts fall in, until wo eventually arrive at the 
setiond stage — a solid globe of nearly uniform temperature. The uniformity in tempera* 
ture is due to the convection effect of the successive sinking of the crust and rising of 
molten matter from below. 

When the whole globe is solidified, this convection ceases and the result is a very rapid 
cooling of the outer crust, which now depends for its heat on conduction from the 
interior of the glolw. After a comparatively short time the crust approximately roaches 
its final temperature, which depends on the exchange of radiation between the Earth and 
other bodies of the universe. This is the third stage. Considerations of radioactive 
substances may slightly modify this result, hut not in a way which affects the subsequout 
argument. During this process of cooling of the crust, cooling below has also been going 
on, but at a much smaller mte. The contraction, which has already been assumed to 
accompany cooling, must during the third stage have thrown the ci-ust into a state of 
groat tenmon. We have to consider the crust cooling rapidly from a temi>orature of the 
order of that of melted rook to a temperature such as prevails at present at the Earth s 
surface. Inevitably cracks must occur. This state of affairs is prior to the existence of 
oceans, for the temperature until nearly the end of this state would be above the boiling- 
[loint v»f water. There would not be any ru»h of water into sucli cracks, but gravity' 


* ‘ Mathematical and Physical Fajierts,* vol. 3, Art. XOIV. 
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would be sulRcient to partially cUwo them up by the upper ewlgee of the crack breaking 
otf) until the slopes attained the angle at which equilibrium was poasible. Later on, the 
water would condense and And its level round the glolw. By ho doing it seems prol>able 
that the level (equipoteutial) surfaces tliroughout the globe would be disturbed and 
further fractures might take place, probably with a tendency to follow parallels of 
latitude. 

By this time the fourth stage has begun, in which the surface of the Earth would l>e, as 
regards temperature and existence of ocanins, similar to what it is now. It would not be 
an exact geometric figure, but I imagine the main features would be continents and 
oceans and the cracks which occui-i’cd in the third stage, and that there would not be any 
a|>pj*o<!iablo mountains. The increase of teinpei'atui’e with depth near the crust would at 
the beginning of tlu^ fourth stfige 1 m^ very much mor<J rapid tlian it is now, and the 
laateihil a little way in from the surface would continue to cool at a rate which was now 
greater than the rate at whicli the crust would be cooling, the crust having now appi'oxi- 
inately reached a steady tcTn]*erat»n‘e. The inner earth would then proceed to contract 
more rapidly than tln^ crust. It would itself crack, and the most likely places for* mvh 
emcks to ocean* wonUl b(‘ tliosc already ex{M)Ked to air or o(;ean by the oi'acks of the 
outer crust. In such cases the tUbrie which liod fallen into the outer cracks would sink 
lower iuto the tiaKh. This (tooling of the portion Irelow the outer crust would result in 
one of two things, ru' a coiii bination of them, namely (1) the crumpling of the crust and 
(2) the slipping of the tu'ust and attendant jKutial closing up of its cracks. The^e mrface 
i^racksj howmuf)*^ could never he tchoUy closed up by contraction of Interior matter until the 
V'holc Earth had reached a steady iloir) tempefi'ature. 

As time went on, lower and lower levels would reach the state of contracting moie 
rapidly than those b<»th below and above them, resulting in <u*a(^kH in the particular 
layer and a tendency to crumpling, oi* closing up of cracks, in the upjHU' layers. We are 
apparently now at the stage when this effect has penetrated to the (lomirai atively small 
depth at which ear’thquakes have their origin. It appears that, n-a this depth incieaseB, 
the chances of (U'lunpling of the iqqxu' layers diminish and that of the jKU tial closing of 
cracks inci eases. But, as I have sriid above, the era(*ks cannot l>e entirely closed up by 
contraction alone until the whole Earth is c(»oJed. 

A further effect is to be expected. The cracks which ai-e formed in any layer, except a 
few of the ujrpenuost, will in due (amrse l»e partially filled up by fractured material 
falling down from an upper layer ; and with contraction in still lower layers (duo to 
further cooling) will l>e entirely closed. Still further contraction below will inevitably 
cause crumpling, for* there is now no alternative in the way of cracks closing. This 
crumpling in the lower layers must cause a vertical lifting of the surface layers, which 
will then form mounbuns. The cracks in the surface layer will not, in the main, l^e 
closed by this upheaval, for the area of the lower layers has been increased by crumpling, 
and the surface layer luust either stretch or <!rack to accommotiate itself to tbo enlarged 
area on which it rests. In this way new cracks might actually open, while mountains 
were being formed in the outer crust. 

It ap{>ears im[K)Hsible to assign any limits to the depths up to wdiich this effect might 
occur. 

The Clacks on the outer surface could never be w'holly filled up. They would (uily be 
partially filled by fractures in the third stage and by the products of denudation in the 
fouxih stage. 

The following is an extract from Prof. Shaler^s ‘ Comparison of the Features 
of the Earth and Moon/ p, 8: — 

** The surface of the moon exhibits a very great number of fissures or rents, 

VOL xoi.— A. u 
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which when widely oj^n are l/crmed valleys, and when narrow, rills. Both 
these namefi were given because these grooves were supposed to have been 
the result of erosion due to flowing water* The valleys are fiequeritly broad ; 
in the case of that known as the Alpine valley, at certain places several 
miles in width ; they are steep-walled, and sometimes a mile or more in depth ; 
their bottoms, when distinctly visible, are seen to be beset with crater-like 
pits, and show in no instance a trace of water- work, which necessarily 
excavates smooth desoendijig floors such as we find in terrestrial valleya 
The rills are narrow crevices, often so narrow that their bottoms cannot 
be seen ; they frequently branch, and in some instances are continued as 
branching cracks for 100 miles or more. The characteristic rills are far 
more abundant than the valleys, there being many scores already descril>ed ; 
the slighter are evidently the more numerous ; a catalogue of those visible 
ill the best telescopes would probably amount to several thousand. 

'‘It is a noteworthy fact that in the ctise of the rills, and in great measure 
also in the valleys, the two sides of the fissure correspond, so that if brought 
together tlie rent would be closed. This indicates that they are essentially 
cracks which have opened by their walls drawing apart.*' 

The “ canals of the planet Mars have given rise to much infeoi*esting 
discussion. I have no right to express an opinion upon this subject, but 
as astronomers have differed widely in their views, I may perhaps be 
permitted to invite the attention of students of Mars to the rifts on the 
Moon's surface and to the apparent rifts on the Earth’s surface, and to 
ask whether the canals of Mars may not be openings in its outer crust. 

Mr. Hunter, in his note which I have quoted above, has considered a 
cooling globe, and lias shown that it is liable to crack. This liability will be 
increased by the strains to which the Earth’s figure and upper crust are 
subjected. If the Earth's rotation has decreased in the past, the spheroidicity 
of its figure must have decreased also. The superfluity of rook accumulated 
at the equator under a higher rotation velocity could not have moved to the 
poles without great distortions of the rock surface occurring. 

It has been estimated that the Earth picks up from 10 to 20 millions of 
tons of additional matter ‘from space in the shape of meteors every year. 
If at any time in the past the Earth was ever struck by a very large 
body from space, ages may have ensued before the Earth's figure was able 
to accommodate itself to the new conditions. In geological history there 
appear to be epochs, especially the Pomian and the Cretaceous, when 
large changes of figure began, and it may have been that some abnormally 
large addition of rock was then picked up by the Earth from space. 

Even the accumulation of ice at the poles in the glacial epoch may have 



On the Origin of the Indo-Gangetic Trongh. 


237 


been Bufficient to affect the spheroidicity of the Earth, and to sot np strains 
in its outer shells. 


13. Departures from Isodasy. 

It has been shown by geodetic observations that the Earth's crust is in a 
condition approaching isostatic equilibrium. If any departure from isostasy 
occurs, the Earth’s figure becomes subjected to strains, and its surface becomes 
liable to crack (or to stretch). A considerable departure from isostasy cannot 
|>er8ist indefinitely ; the force of gravitation and the Earth’s retation are 
always tending to produce complete isostasy. When isostasy is disturbed by 
the iri*egular cooling of the sub-crust, or by the slowing down of the Earth’s 
rotation, or by the impact of meteors, or by the conversion of eipiatorial 
water into polar ice, equilibrium can be restored by the compression of the 
crust in some regions and by stretching of the crust in others. Crustal 
tension and crustal compression are among the means by which isostasy is 
maititained. 

The readjustments in the isostasy of a continent that become necessary, 
as the Earth \mdergoes changes, may bring about disturbances in the isostasy 
of smaller regions. 

In India, the Indus-Ganges trougli appears to have been opening north- 
wards, and the Himalaya Mountains seem at the same time to have been 
undergoing elevation along the northern edge of the trough. If this view 
is correct, a certain amount of rock must have teen moved northwards out 
of the trough into the mountains. The nortliward movement may have been 
caused by the cooling of the Earth or by readjustments of its figure or mass 
to new conditions. The disturbing effects upon local isostasy of this m^rth- 
ward movement have been partially counteracted by denudation, for, although 
rock-mass may have been moved northwards by the opening of the trough, 
rivers have boon bringing silt southwards from the rising mountains and 
pouring it back into the trough. 

In this paper I have discussed the hypothesis that the Earth’s crust is 
being depressed by the weight of riverain silt deposited upon it, ami it may 
not be out of place to attempt to discover from ’observation the weight of 
actual loads which the Earth’s crust is seen to be supporting. 

Colonel tenox-Conyngharn writes : “ Under the Himalayan station of 
Mussooree, height 6924 feet, there appears to be standing above sea-level an 
extra uncompensated mass equal in bulk to about a quarter of the visible 
mountain,” 

This is Colonel Oonyngham’s deduction of the most probable result ; he 
emphasises the fact that there ore elements of uncertainty in the calculation. 

U 2 
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A considerable departure from isostasy is exhibited by the Ranchi Plateau. 
This plateau forms pa^t of the Yindhya Mountains, and is a relic of an 
ancient tableland; it is situated immediately south of the Indus-Ganges 
trough in longitude 84°, opposite to the Himalayan peaks of Mount Everest 
and Dliaulagiri. Banchi lies near the crest of the ” hidden chain ** of 
excessive density. The pendulum observations seem to indicate that the 
Ranchi Plateau is mainly supported by the rigidity of the Earth's crust ; and 
the plumbdine observations show that there is a considerable excess of mass 
south of the Ganges at Ranchi The Earth appears to be supporting this 
load without appreciable deformation. 

As, however, certain geodesists have modified to a slight extent 
Prof. Helinert's formula for the normal value of gravity, and as the calcu- 
lation of any departure from isostasy is dependent upon that formula, I 
asked Colonel Lenox-Conyngham to give mo his opinion concerning the load 
supported at Ranchi He considers that the Ranchi moss may possibly not 
be wholly supported by the crust's rigidity, but that probably half of it is. 
If this cautious estimate is accepted, then the Earth is strong enough to 
sustain a weight of 1000 feet of rock (density, 2*67) over an area of 
two square degrees (8500 square miles) without yielding. 

I have now given my reasons for thinking that the hypothesis of a sub- 
crust opening under tension is more in accordance with observed foots and 
is more deserving of consideration than the idea of strata sinking under their 
own weight. 
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On Thermophones, 

By P. DE Lanok. 

(Communicated by Lord Rayleigh, O.M., F.E.S, Received December 3, 1914,) 

The invention which I desire to communicate to the Royal Society (and of 
which 1 have already, with the permiftaioti of your President, demonstrated 
tlie models at your informal gathering on the evening of October 29) has 
l)een made by me in co-operation with my friend Otto Fischer. Some of the 
moflels have been made in the laboratory of the University of Utrecht by the 
assistant, Mr. Stellema, under the supervision of rny cousin, Prof. Zwaarde- 
maker, who was so kind os to introduce me to Lord Rayleigh. I have been 
demonstrating with these models for over six months, and they do not show 
the slightest wear. 

The origin of the thermophones may be traced back to the invention made 
34 years ago by your late Fellow, the former engineer-in-chief to the Post 
Office, Sir William Preece * 

Sir William Preeoe attached a stretched wire to a diaphragm which, by 
extending and contracting, owing to the changes in an electric current 
passing through it, moved the diaphragm, and thereby made it speak. The 
great difference between his invention and that of the thermophone lies in the 
mechanical action of the wire on the diaphragm, the latter being dispensed 
with in the thermophoue, the action of which simply and solely rests upon a 
change of temperature in a wiie unconnected with any mechanical con- 
trivance. In the thermophone the wire speaks without a diaphragm, and the 
basis of this invention has l)een laid by Mr. Gwo/Az. 

About seven years ago, the Russian engineer, Gwozdz, made various experi- 
ments in a small village in the neighbourhood of Lodz, in Poland, with a 
thermophone without a diaphragm and without an electromagnet Gwozdz 
fixed a Wollaston wire on an insulating medium, and then treated the 
Wollaston wire with acid. He obtained thereby a good thermophoue, but 
(as far as I know) it was impossible by this process to obtain iwstrumentB 
which conveyed the required volume of sound, and Gwozdz never succeeded 
iu rendering the thermophone of any practical utility. 

Curiously enough, at the same time, Prof. Abraham, of Paris, made some 
experiments with a thin platinum wire which he connected with electrodes 
in a straight line, and then again with a transmitter. These experiments 
also did not meet with a practical result, because the stretched wire had no 
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freedom, and thereby was exposed to too great a danger of breaking by the 
alternate extensions and i^tractions. 

With my invention I follow the process of Gwozdz regarding the treatment 
of the Wollaston wire, but I claim that my invention is of the greatest 
practical value, and this I will now explain. 

By fixing a platinum wire of a diameter of from 2 to 12 microns in a 
gothic curve, I claim to have succeeded in making the thermophone of 
practical everyday use, because the silver of the Wollaston wire is eliminated, 
whilst the whole Wollaston wire is freely suspended in the acid in such a 
way that at any time such part of the platinum wire can be set free, ns is 
considered desirable, without it being liable to breakage. 

Therinophones have value only if they have been made on this basis. 

In order to know something more about the working of the thermophone, 
Prof. Zwaardemaker and myself have measured the volume of tlm sound with 
Lord liayleigh's well-known mirror. In order to avoid currents of air which 
might originate through the heating of the wire, we placed a glass diaphragm 
in a wooden or aluminium frame between the wire and the mirror. The 
size of the diaphragm was about the same as that of a diaphragm of the 
]ihoaograph. Moreover, we placed a small tube in the cover of the diaphragm 
in order to prevent the system from working as an air thermometer. 

The result of our measurement was that the sound increased with the 
increased number of platinum wires, but not in the same ratio. Also thin 
wires of 2 microns have a greater acoustic effect than wires of 5 microns, the 
tfoule heat remaining the same. Everything depends upon the exact 
relationship between the telephone and the microphone. 

The thermophone, listened to in the open air, sounds extremely weak.^ 
As soon, however, as the platinum wire is placed under a cover which has a 
small opening or several small openings, the sound at once becomes clear and 
distinct. The volume of the sound increases in accordance with the decrease 
of the size of the cover. Evidently the cover functions as a resonator. It is 
a telephonic advantage to make the cover as small as possible, because in 
that case the high notes and the sound consonants produce a better effect. 
The size’*^of the openings in small covers should not be made too large, 
because in that case the resonance becomes too high and produces a curious 
sound in addition to the human voice. I am trying to find an explanation 
for this most curious phenomenon, but that is a matter which may be the 
subject of a future communication to this Society, 

The maximum admissible size of the cover appears to vary between 
comparatively speaking wide limits. The size which approximately agrees 
with the size of the human ear funnel seems to be the most suitable. Metal 
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covers are better than those of ebonite* and, by surrounding these with some 
cooling substance, the acoustic effect — if measured with Lord Eayleigh's 
mirror — becomes twice as great. In this case the sound is conducted 
through a rubber tube of small width. 

It is quite possible to combine a number of these therinophones, but then 
it should not be forgotten that the whole space occupied by them should 
remain as small as possible, because the space which they take up together 
also acts as a resonator. 

The acoustic effect appears to increase at least in about the square of the 
strength of the current. 

Thermophones with four rows next to each other, each of six platinum 
wires of 7 microns with a combined resistance of 36 ohms give — measured 
with Ijord Rayleigh’s mirror — the following results, viz. : — 

In the case of 6 volts, 2^ degrees, 
ft 1 

» M ^ it 

» „ 10 „ 25 „ 

It is difficult from these items to construct the theory of the thermophono. 

The most I can say is that the decrease and increase of heat in the 
platinum wire of the telephone takes place isochronically with the vibrations 
in the microphone. The air surrounding the platinum wire is thereby 
immediately heated or cooled in accordance with the increase and decrease of 
heat in the wire, and, if that air is retained within a closed compass of the 
cover, the expansions and retractions will be noticed as sound. 
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The SiinpUJication of the Arithmetical Processes of Involution 

and Ei^olution. 

By E. CiiAPPEix, City and (Uiilds (Engineering) College. 

(Communicated by Prof. W. E. Dalby, F.K.S. Received January 25, 1915.) 

It is a self-evident statement that addition and subtraction are the most 
simple arithmetical processes, so that any other process may be said to be 
completely simplified when it is replaced by either of these two. The 
invention of logarithms completely simplified multiplication and division, 
but only reduced involution and evolution to multiplication and division. 
In modern applied science there are many laws and empirical formulue in 
whicli fractional indices occur, and the calculations sometimes become 
troublesome on this account. Although the obvious course is to perform 
the necessary multiplication or division of the logarithms, in such cases, by 
the addition or subtraction of their logarithms, no one seems to have con- 
sidered it worth while* to construct a Table giving the logarithms of the 
logarithms of numbers directly. The only step in this direction is the 
invention of the • * log-log " slide-rule, which is very limited in its range, and 
the accuracy of its results may be open to question. The prospect of 
abolishing even multiplication and division from all ordinary calculations, 
and so making addition and subtraction the only necessary arithmetical 
processes, was suflioient inducement to the author to construct such a Table. 

Before describing the difficulties that had to be overcome, a few words on 
tlie proposed nomenclature are necessary. In the first place, the word 
“ logarithm ” is unpronounceable and too long, which most people realise and 
avoid by calling it “log”; secondly, the inverse function lias been very 
clumsily termed “ antidogarithm ” ; and, thirdly, the logarithm of the 
logarithm has been given the cacophonous name “ log-log.” It, therefore, 
seems permissible to devise more convenient names, constructed on some 
system. It is proposed to replace logarithm by “ log,” and to call tha inverse 
function the “ illog.” The name “ log-log ” would sound better if reduced to 
“lolog,” and its inverse function could then be systematically named the 
“ illolog.” 

There are three difficulties encountered in constructing a lolog table ; — 

(1) The lolog of unity is infinite, and the differences in that region are 
very large. 

(2) A base cannot be chosen so that all numbers having the same sequence 
of digits have the same mantisste. 
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(3) The logs of numbers less than unity are negative, so that the lologs of 
such numbers are the logs of negative numbers. 

The first of these difficulties is surmounted by diminishing the intervals at 
which the values are given in the neighbourhood of unity, and the second 
by limiting the range of the Tables. The third difficulty is avoided by 
neglecting the negative sign, which is, after all, an external feature that 
does not affect the numerical result of multiplication or division. For 
example, ±2x±3==±6. Whatever the signs of these two factors, the 
numerical part of the result could be obtained by adding log 2 to log 3. The 
sign, however, would have to be determined independently. 

If the lolog of 0*25 is required, one proceeds us follows : — 

log 0*25 = 1*39794 = -0*60206. 

Therefore lolog 0*25 = log 0*60206 = 1*77964 ; 

but it also liappens that 

lolog 4*0 = log 0-60206 == 1 -77964. 

If the number 1*77964 were given, the difficulty is to know whether its 
illolog is 4*0 or 0*25. The neglect of the sign of the log does not mean 
that merely the sign of the result has to be settled, but the numerical 
part is affected also. Although a little thought would always decide which 
is the correct value, the need for such thought would lead to errors and 
uncertainty, wliich would make the tables unsuitable for general use. All 
uncertainty of this nature can be overcome by printing the lologs of 
numbers less than unity on red paper, and of numbers greater than unity 
on white paper. The illologs would similarly be printed on red and white 
paper. 

It is clear from the example above that the two numbers which have 
numerically equal lologs are reciprocals. This property enables reciprocals 
to be found very readily from lolog md illolog tables. 

Let us now consider a simple case of involution and evolution. If it is 
given that A” — C, then A = 

Taking logs twice, lolog C = log B -f lolog A, 

or, lolog A = lolog C — log B. 

From these two equations two simjfie rules ban be derived : — 

(1) To raise a number to the nth power, add the log of n to the lolog of the 
number, and the illolog of this sum is the desired result. The illolog must be 
found on a page of the same colour as that on which the lolog was found, 

(2) To extract the nth root of a number, subtract the log of n from the 
lolog of the number, and the illolog of this difference is the desired result. 
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The illolog must be found on a page of the same colour as that on which the 
lolog was found. 

To obviate mistakes almost entirely, it is recommended that lologs taken 
from red pages should be written down in red ink, also the result after 
adding or subtracting a log to or from a red lolog. 

It has already been shown that the lologs of reciprocals are equal in 
magnitude, though different in colour. tFor this reason, expressions of the 
form 



can be evaluated with no more labour than that necessary to evaluate 
The rule is : — 

(3) When performing a process of involution or evolution on the reciprocal 
of a number, nierely change the colour of the lolog of the number itself, and 
proceed exactly as stated in llules I and 2. 

In the space available, it has not been possible to consider other properties 
of lologs which, though interesting, have little practical importance. 

Involution and evolution of numbers and their reciprocals are of such 
frequent occurrence that the author ventures to hope the tables in question 
will prove useful in many different classes of calculation. 
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A ^Bolometria Method of Determining the Efficiencies of Radiating 

Bodies. 

By William A. Bone, F.RS., H. L. Callendaii, F.E.S,, and H. James Yates. 


(Received February 15, 1915.) 

IntrixUtAi'ion. 

With the increasing use, within recent years, of gas fires, electric radiators, 
incandescent surface combustion diaphragms, and the like, there has arisen 
a demand for a reliable general method for testing their radiant efficiencies. 
The problem is important also in its purely scientific aspects, inasmuch as 
its solution would enable the relations between the modes of combustion of 
various combustible gases and their radiant values when burnt at an 
incandescent surface to be investigated. 

The present paper describes a boloinetric method which we believe to be 
applicable to the meo-surement of the radiant energy emitted from hot 
terrestrial surfaces generally, but as the source of radiation in our experi- 
ments has l)een a gas fire, it will bo convenient if we describe it with 
reference to that particular mode of heating. 

A typical modern gas fire consists of a series of atmospheric burner 
nozzles, varying usually betw'een seven and fifteen in number, according to 
the size of the apartment to be heated, arranged equidistantly along a 
common horizontal supply pipe provided with suitable means for properly 
adjusting the relative gas and primary air supplies so as to ensure a vertical 
series of uon-luminous and, as nearly as possible, silent Bunsen flames, of 
uniform height and character. Above each flame is fixed a hollow fireclay 
columnal " radiant perforated in a manner expressly contrived to promote 
uniform heating of the column throughout, and with each flame rising into 
the cavity of its particular radiant. Care is taken to prevent any impinge- 
ment of the inner cone of the flame upon its radiant. The back of the fire 
is formed by a fireclay slab fixed vertically beldnd the radiants, which are 
held in position by means of one slight horizontal iron I'od. At a suitable 
distance above the top of the radiants is fixed a metallic hood or canopy 
by means of which the products of combustion are collected and discharged 
through the flue vent into the chimney without in any way contaminating 
the atmosphere of the apartment. 

The object of a properly designed fire should be to secure the maxima of 
radiant and ventilating eflfeots with a minimum of ** flue heat,” and it is in 
connection with these aspects of the problem that the need of convenient and 
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accurate means of measuring the radiant efficiency of the fire has been 
mostly felt.^ i ' 

A joint committee appointed in 1907 by the University of Leeds and the 
Institution of Gas Engineers to investigate gas fires adopted a method (now 
known as the Leeds method) for determining their radiant efficiencies. It 
consists essentially in firstly establishing, by thermopile readings, a relation 
between the intensity of the radiation at a central equatorial area on a 
hemisphere in front of the fire, and the total radiation received over the 
whole hemisphere (a relation which will be hereafter referred to as the 
“distribution factor” of the fire), and then determining, by means of a 
radiometer, of the water-calorimeter tyi)e, designed by Pi’of. K. H. Smith, 
the actual number of calories radiated by the fire per hour on to the said 
equatorial area. The number of such calories multiplied by the “ distribu- 
tion factor ” of the fire gives the total energy radiated by the fire per hour, 
and the relation of this to the total net heat developed by the combustion of 
the gas in the fire per hour gives the radiant efficiency of the fire.f 

This method, whilst perfectly sound in principle, is admittedly open to 
criticism on the following grounds, namely : — 

(1) The R. H. Smith radiometer is liable to various small indeterminable 
errors inherent in all such water-calorimeter radiometers, due principally to 
(ffl) imperfect absorption of the radiation by its blackened surface, (b) effects 
of “ lag,” which, however, if the experimental conditions remain constant, 
may be disregarded, and (c) the difficulty of carrying out a really satisfactory 
“ blank ” experiment to determine the allowance to be made in the actual test 
for heat gained by the instrument from the surrounding warmer atmosphere.^ 

(2) It is practically impossible, owing to the large area of the absorbing 
surface of such a radiometer, to standardise its readings from a known absolute 
radiation standard, 

(3) The time taken to complete both the radiometer (actual and blank) 
tests and the 81 thermopile readings required to establish the “ distribution 

♦ See also H. Jamea Yates on “ Kecent Progress in Gas-Fire Science,” ‘ Brit. .Assoc, 
Reports.’ Birmingham, 1913. pp. 486-9, 

f A full description of the Leeds method is given in the Committee’s First and Second 
Reports, * Trans. Inst, Gas Engineein/ 1909, pp. 69-81. 

X There is certainly a small systematic erixw in the ** blank ” test, due to the impossi- 
bility of screening the radiometer perfectly from the fire during the blank, the effoot of 
'which is to make the ascertained “ blank correction ” too high. By xneans of the bolo- 
me^r we have estimated that, in the case of a lO-inch gas fire, and miiijg a single 
reflecting screen in front of the radiometer during the Leeds blank test, the error may 
amount to 0'44 kilogram mo- calories per hour on a total centre reading (in the actual test) 
of 86-flO kilogramme-calories. 
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factor ” is considerable, and there is always a risk of some alteration during 
the test in the experimental conditions which would affect its result 

(4) There is also perhaps a little uncertainty about the absolute accuracy 
of the “ distribution factor *’ as determined by the Bubens thermopile used 
in the Leeds method. 

In any case, were tlie method entirely free from any or all such practical 
objections, it would still be important to compare its results with those 
obtained by some independent standard method. 

The New Bolom4tHc Method, 

The problem of measuring the radiant efficiency of a modern gas fire, such 
as has been described in the introductory part of our paper, is compli- 
cated by the fact that the fire front (i.c., the seat of the radiation) cannot 
be regarded as a surface of simple geometric form. The seat of the 
radiation has, in fact, a measurable depth, and, owing to the line of the 
fire front being often slightly curved, its exterior surface is not always flat. 

Again, the hemispherical distribution of the radiation may be disturbed 
either by absorption or by reflection from projecting surfaces on the casing 
of the fire. It is necessary to determine, not only the whole radiation 
emitted by a particular fire, but also its distribution factor, because a 
proper distribution of the radiant energy is almost as important as its total 
amount. 

The Bolometer anrf its Advantages. 

We propose to substitute for the radiometer*cum-thermopile device in the 
Leeds method a 8imj)le bolometer in which the radiation falling from the fire 
upon a blackened coil of platinum wire can be deduced from the observed 
increase in its electrical resistance, the area of the receiving coil being 
sufficiently small to allow of the instrument being standardised directly 
from a source of radiation of known intensity. 

The principal object in employing a bolometer in place of a thermopile is 
to secure a greater range of accuracy and sensitiveness, and to facilitate the 
obtaining of automatic records when required. The sensitiveness of a 
bolometer is readily varied over a wide range by varying the electric 
current employed for measuring the resistance. The sensitiveness may also 
be determined very easily, under any conditions, by observing the deflection 
produced by inserting a known resistance in the circuit. In using the 
Bubens thermopile (as in the Leeds method), it is found necessary to 
attach a reflectitig cone to the instniment in order to obtain a deflection 
of 25 scale divisions with a Paul unipivot galvanometer at a distance of 



248 Messrs. Bone, Callendar, and Yates. A Bohmetric 

3 feet from a 10-inch gas fire. The use of a reflecting cone narrows the 
angular aj^erture, and introduces some uncertainty with regard to the extent 
of the source from which the radiation is actually received. The bolometer, 
when supplied with the current for which it is designed, and employed in 
conjunction with the same unipivot galvanometer but without any reflect- 
ing cone, is found to have a sensitiveness about thirty times as great as 
the Kubens thermopile with the cone, and could be used at much greater 
distances from the fu'e. By adjusting the sensitiveness to a suitable figure 
in scale divisions per ohm, it is always possible to obtain deflections in 
the neijghbourhood of 90 or 100 scale divisions, which greatly facilitates the 
accurate determination of tlio radiation. 

Ccnutriiciion of the Bolometer. 

The familiar typo of bolometer invented by Prof. Langley has a sensitive 
receiving surface in the form of a grid cut from thin metal foil, and is 
blackened with smoke black or platinum black. This method of construction 
was adopted with the object of securing the greatest quickness of action, but 
it involves extreme fragility and is wanting in constancy. The coating of 
black invariably deteriolates, and cannot be renewed without altering the 
constant of the instrument. Constancy is much more important for the 
present purpose than quickness of action, and fragility would be a serious 
defect. 

A different method of construction was accordingly adopted in our 
experiments; the delicate grid of the Langley bolometer has been replaced 
by a coil of platinum wire wound on a thin piece of mica, and coated to an 
even surfac^e with hard black enamel, which is extremely permanent, and can 
be cleaned without risk of injury. Two exactly similar coils, each 4 cm. 
square and of 20 ohms resistance, are mounted back to back on either side of 
a circular gunmetal box, provided with water circulation, and with suitable 
covers for the coils, so that either coil can be exposed to radiation or screened. 
When both coils are screened they are kept at the same temperature as the 
box, their resistances remain equal, and there is no deflection of the galvano- 
meter, however much the temperature of the box may cliange. But if one 
of ^the coils is exposed to radiation, its temperature and resistance are 
increased by an amount depending on the intensity of the radiation, and the 
galvanometer shows a deflection proportional to the increase of resistance, 
which serves as a measure of the intensity of the incident radiation. 
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Gcdihralion of the Boloineter. 

An instrument this type can be directly calibrated to give the intensity 
of the radiation in absolute measure, by observing tlie magnitude of the 
electric current required to produce the same rise of temperature, or increase 
of resistance, as the radiation to be measured. This method has often been 
adopted, but is not quite satisfactory, on account of the uncertainty of the 
absorption factor of tlie surface for radiation, which is one of the commonest 
sources of error in all measurements of radiation. The constant of the 
bolometer, giving the intensity of the radiation in terms of increase of 
resistance, was accordingly determined by comparison with a radio-balance, 
an instrument specially designed to give total absorption of the radiation.* 

In the radio-balance, tiie radiation to be measured is admitted through a 
small circular aperture and received in a blackened copper cup, in which the 
absorption is practically complete. The heat received from the radiation is 
balanced by absorption of heat due to the Peltier effect in a thermojunction 
through which a measured electric current is passed. This method is very 
accurate, but is not well suited for ordinary use outside a physical laboratory, 
because it requires a sensitive galvanometer for iud^ating the balance, and 
a delicate ammeter or potentiometer for measuring the electric current. 
Nevertheless, a bolometer such as the one herein described can, without risk 
of fracture of its working parts, be sent to a physical laboratory for comparison 
with a radio-balance. 

The following Table contains all the results for the constant of this 
particular bolometer obtained by comparison with two different radio- 
balancos, denoted by I) and E respectively. Two different sources of 


Observations of Bolometer Constant K. 


Paio. 

Radio- 

balanoe. 

Temperature 
of bolometer. 

Air. 

Source 
of radiation. 

... 

Constant 
of bolometer. 

1914. 

Jidy 25 

K 

o 

21 *6 

0 

22 0 

Clas fire 

27-71 

26 

K 

21 0 

21 *5 

Focus lamp 

27 '86 

Not. 2» 

D 

16-7 

18-0 

Gas fire 

28 ‘09 

,, 20 

D 

17 -2 

18*7 

Focus lamp 

28 *02 

Die. 1 

D 

17 -7 

18 -0 ' 

0ae fire 

27-82 

„ a 

E 

18-9 

18*2 

i Focus lamp 

27*96 

„ a 

D 

18-7 

18 *8 

»♦ 

27 *86 

„ 6 

R 

20-7 

10-2 

1 Gas fire 

27 -82 

6 

E 

18 -8 

21 ‘2 

1 

** 

27 '78 

Means 


18*0 1 

10-4 

— 

K » 27 -88 


* * Proc. Phy«. Soa Load.,* vol. 23, pp, 1-34 (1910). 
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radiation were employed — (1) a 10-inch gas lire at a distance of 1 metre, 
(2) a focus lamp of 100 candle power, having a small radiant 1 inch square, 
at a distance of 30 cm. It was unfortunately impossible to vary the 
temperature of the laboratory materially, but the temperature of the 
bolometer was altered 5® or 10^ on each occasion, by changing the water 
circulation, in order to determine the correction for the difference of tempera- 
ture between the bolometer and the air. • The results given for the constant 
are corrected for the observed diflerence. 

The value of the constant is given as the intensity of the radiation in 
kilocalories per square foot per hour required to produce an increase of 
resistance of 1 ohm in the exposed coil of the bolometer. The chief source 
of error in the comparisons was the uncertainty of temperature of the 
surrounding air and the walls of the room, which cannot be well avoided in 
lueasuroments of this kind with a source of large area like a gas fire, since 
the receiving instrument is necessarily exposed to the air and to radiation 
from surrounding objects, which may be at different temperatures. The 
correction for difference of temperature between the air and the bolometer 
was found to be 0*028 ohm per 1® C., and amounted in some cases to as 
much as 4 per cent., v#ien the difference of temperature was considerable, 
but tlio divergence of the corrected results from the mean in no case reaches 
1 i^r cent., and is generally less than 0*5 per cent. 


Thr Distribution Fmton 

The distribution factor of a gas fire, or other approximately flat source 
of radiation, may be defined as the factor by which the normal intensity at a 
given distance D must bo multiplied in order to obtain the total radiation 
emitted over a hemisphei’e. If the source is a plain circular disc of uniform 
intensity and of radius R, the value of the factor given by the theory of 
radiation for a aelMuminous surface, would be simply 7r(D^ -f K^). Tims, 
for example, in the case of a plane source 1 foot in diameter, tested at a 
distance of O/tt feet, or 34’38 inches, the value of the distribution factor 
should be 26*58, which is about the value generally obtained for a 10-inch 
gas tire, tested at this distance, by taking a large number of readings equally 
distributed over the surface of a hemisphere. In the case of a gas fire the 
surface is, however, seldom flat, and there are considerable extensions, such 
as the canopy, which contribute an appreciable fraction of the radiation* 
The chief uncertainty arises in estimating the distance D* An error of 
1 inch in D in the above example would make an error of nearly 6 per 
cent, in the mathematical formula, and it may be doubted whether this error 
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can be eliminated in practice by taking observations over a hemispliere of 
fixed radius. 

The obvious method of reducing this uncertainty, especially with a large 
gas fire, would be to increase the distance. But this introduces some practical 
difficulties if a large number of readings are to be taken over a hemisphere 
of large radius. It is doubtful whether an accurate result can be obtained 
by mere multiplication of readings. Since the deviation of the distribution 
factor from the theoretical value for a flat surface is evidently small, it would 
probably suffice to take a few readings at suitably selected angles* It appears 
from theory, and also from comparison of observations, that the sum of four 
reeidings taken at 60® along the equator and meridian, together with the 
central reading, multiplied by (8*6, when 1) = O/tt feet), gives as 

good an approximation to the total radiation as can be obtained by taking 
81 readings. The distribution factor is represented by the sum of the five 
readings divided by the central reading and multiplied by 

Effect of Variation of Temperature of Receiver. 

The importance of keeping the temperature of the receiver, whether 
bolometer or thermopile, constant, is best appreciated by taking a case 
in whicli this precaution is omitted. If a liubens thermopile with a Paul 
indicator (such as is used in the Leeds method) is exposed to a steady source, 
giving an intensity of 46 kilocalories per square foot per hour, the deflection 
rises to about 25 mm. in 15-20 seconds, and creeps up to 27*5, a further 
10 per cent., in tliree or four minutes. The deflection then diminishes to 
about 25 inm. if the exposure is prolonged, on account of rise of temperature 
of the case, which may amount to 5® or 10® C. 

If, now, the hot instrument is screened from the source, or turned towards 
the wall of the room, which is at a lower temperature, it falls quickly to zero 
and gradually takes up a negative deflection of 3 or 4 mm. In other Vorde, 
the rise of temj)erature of the instrument may producje an effective change 
of zero equivalent to 10 or 15 per cent, of the deflection. Variations of this 
magnitude make it impossible to employ the pile with a constant reduction 
factor for determining the absolute value of the radiation. In using the pile 
merely for the distribution factor, the errors are not so obvious, but, being 
systematic, they produce a marked effect on the results, as is shown by the 
following typical comparison of readings taken with thermopile and bolo- 
meter, along the equator in front of a gas fire* 


Vpl^ %Oh—jL. 


X 
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Position 

I i 

.j 60°We.t. 1 

b^ 

60° Bast. ! 

Thermopile 

1 

Ifi'O 

28 *3 

{ 13-0 

Bolometer 

68 '2 

91 

1 68 *0 ; 

Thermopile 

16 ‘2 

1 

22 -9 

18*0 


Tlic thennopile readings make the distribution appear about 20 per cent, 
greater on tlie west tliaii on tlie east There is no reason why this should 
1)0 the case, and the bolometer readings show practically no difference 
between east and west The explanation m that in the case of the thermo- 
pile the west readings were taken first, while the deflection was still 
increasing, whereas the east readings were taken after the instrument had 
become hot. with the consequent depression of zero. The opposite errors on 
the two sides tend to neutralise each other to some extent, but the general 
effect is to reduce all the smaller readings unduly as compared with the 
central reading, so that the distribution factor obtained with the thermopile 
may be as much as about 3~5 per cent, too small This point may be illus- 
trated by reference to the following Table of the Distribution factor** of 
the same 10-inch gas fire as determined on several different occasions by 
means of (1) the bolometer, and (2) a Eubens thermopile. 

The Distribution Factor of a 10-inch Gas Fire as determined by*-^ 


Bolometer. 

Thermopile. 

28-23 

27-42 

28-66 

27-65 

28-66 

27-12 

28-30 

27-55 

28-70 

27-57 

28-16 

27-68 

27-87 

27-52 

28-52 

27-13 

27- 81 

28- 52 

Mean = 27-44 

28-47 

Eatio = - 1-034. 

Mean as 28-36 

27’44 


Method of Tcstin^g a Gm Fire. 

It is usually the most convenient method, in testing a gas fire, to mount the 
bolometer or thermopile on a revolving sector of fixed radius, the centre of 
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which iH adjusted to coincide approximately with the centre of the fire. If 
tho radius of the hemisphere over which the bolometer moves is Q/tt feet, or 
34*4 inches, as employed in the Leeds method, an error of 1 inch in the 
adjustment of the sector along the normal will produce an error of 0 per cent, 
in the central reading. 

It is difficult to specify accurately how this adjustment should be made,- 
especially if a radiometer of large receiving surface, such as 1 sq. ft., is 
employed for the central reading. The Leeds method of testing throws too 
much weight on the central reading, which is the most uncertain so far as the 
adjustment is concerned. The reasons for taking four readings at an angle of 
60*^ with the normal are (1) that these readings take very fair account of the 
variation of distribution in different directions, (2) that the sum of the four 
readings will be very nearly independent of small errors of adjustment of the 
sector, and will reduce to about one-third the probable error of adjustment on 
the central reading. 

Automatic 

It is possible with the bolometer to obtain automatic records in ink on a 
large stiale, which are useful in recording the progress of a test, or showing 
the effect of variation of conditions. The scale is readily varied from 10 to 
40 cm. i)or ohm. The reading obtained with a 10-iuch gas fire at a distance 
of 3 feet is generally between 1*5 and 2 ohms with the bolometer already 
described. This reading would correspond to a vertical height of 15 to 80 cm. 
on the record according to the scale employed. The smaller scale is quite 
sufficient for an ordinary test, but the larger scale is useful in investigating 
small corrections, due to variation of temperature of the room or similar 
causes. Headings can be taken more quickly with an indicator such as the 
unipivot galvanometer already mentioned, but the recorder has the advantage 
that its scale is more accurate and xmiform, and that it is easier to see when 
the conditions of observation are satisfactorily steady. 

Baduint Efflciemy of a Gas Fire, 

In conclusion, we may tabulate the results of a series of determinations of 
the radiant efficiency of a 10-inch gas fire working on London coal gas of 
average net calorific value 32*88 K.C.Us. per cubic foot at N.T.P., with an 
average consumption of 24*25 cu. ft. per hour at N.T.P., supplied to the fire 
at a constant pressure of 1*9 inches (water gauge) above the barometric 
pressure. 
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Pate. 

Barometer. 

Pry 

eonBuxnptiOD per 
honr at N.T.P. 

Net oaloriSo value 
dry gai K.O.U.^e 
pt^r cub. ft. at N.T.P. 

Badiant 

effioienoy. 

1914 . 

znm. 

cub. ft. 


per cent. 

Poo. 9 

760 -a 

24*00 

182 *0 

44*8 

n 10 

762-6 

24-42 

181 *0 

46 *0 

„ 11 

746-1 

24*25 

ISO *6 

48*2 

« 14 

782-7 

23 -Ta 

180 *2 

46 0 

„ 16 ! 

j 7-18 -4 

24*19 

131 '8 

46*6 

„ 17 

701 -1 

24*77 

182 *8 

44*6 


764-7 

24 *49 

182 -8 

44*0 


768-2 

24 *51 

181 *7 

45 '6 


768*2 

24*26 

181 *7 

45*6 

» 18 

761-4 

23 *82 

1 

130 ‘6 

44*0 




Mean 

46*0 


The testing room was a laboratory 3tS ft. x 32^ ft, x 15 ft, high, the 
temperature of which varied only between 14^ and 17^ C. during the various 
tests. The fire was mounted on a special stand, with its flue outlet under a 
large hood cominunicjating with a cliambered wall and chimney which gave a 
sufficient draught to pi'event any of the products of combustion getting into 
the room. 

The five bolomet.er readings in each test were taken at radial distances of 
34‘4 inches from the centre of the fire : one central reading and four other 
readings in positions 60° K, S., E., and W. respectively, of the central position. 
A mean “ distribution factor” of 28*36, as detemined for the said fire, was 
used in the calculations. 

Finally, the authors desire to thank Messrs. A. Forshaw, M.Sc., and 
S. Farrar, B.Sc., for their assistance in connection with the experimental 
part of the investigation. 
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The Laws of Series J^ectra. 

By J, W. Nicholson, M.A., D.Sc., Professor of Mathematics in the University 

of London. 

(Communicated by A. Fowler, F.R.S. Received February 20, 1915.) 

Se^JB^al theories of the production of series spectra have been given in 
recent years, and it has become apparent that no further real progress can be 
made in the interpretation of spectra until the true form of the series relations 
is known more accurately. Various formulse, such as those of Ritz and 
Hicks, fit the measured wave-lengths almost equally well, and all demonstrate 
at least the approximate truth of two fundamental results : (1) that the 
Diffuse and Sharp series tend to the same limits, and (2) that the difference 
between the limiting wave-numbers of the Sharp and Princiiml series is the 
wave-number of the first Principal line. The first is now usually taken as 
proved, but no formula has yet made it evident that the second — the Rydberg- 
Schuster law — is more than a close approximation. One of the objects of 
this paper is to show that it is an absolute law. Another fundamental 
question, on which different opinions are held, is that of Rydberg^s constant. 
Hicks^ has concluded that this constant may be slightly different in the 
various series produced by helium. According to Bohr's theory of spectraf 
it should be an absolute constant for all the ordinary helium series, but 
different from the hydrogen constant by a calculable amount. The results of 
this paper tend to show that the constant for arc spectra is absolute, and has 
the value 109679*22, recently determined by CurtisJ for hydrogen only, on 
the International scale of wave-lengths. 

The formula for any series, whether Diffuse, Sharp or Principal, is 

= A-N/D„^ (1) 

where v is the wave number of a line, N is Rydberg's constant, and Dm is a 
function of an integer m. According to the Hicks formula, 

Dm = W-f/i-f (2) 

where ft and « are constants. The Ritz formula usually quoted makes 

Dm == wq-ft-h (3) 

and it has been decided that (3) is not so good as (2), although a is usually 

♦ ‘ Phil. Tnius.,’ A, vol. 210, p. Ill, 1. 
t Phil. Mag.,’ vol. 26, pp. 1 and 476 <1013). 
t ‘ Boy. Soc. Pioc.,* voL 90, p. 600 (1914). 
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so small that their difference is not very appreciable. This inferiority never- 
theless exists. But the formula on which Bitz* really relied was of the form 

= A— i^)}^ (4) 

not expressing v explicitly as a function of m, so that the failure of (3), which 
is only an approximation, is not a conclusive test of Bitz* formula. 

This paper will indicate that (4), although unsatisfactory, is probably the 
best form for this number of constants, without implying, however, that 

Bit// theoretical foundation for the formula is correct. Into the questSon of 

the origin of series we shall not enter. 

Ilicksf has made the interesting suggestion that 

=s ’W-f /t-ha/C’W'-f /A) + a/(m + M-)4- (5) 
an inliiiite continued fraction, whose value is 

}* + «]. ( 6 ) 

The relation between (5) and (2) is very similar to that between Bitz* 
formula (4) and its approximation. 

The conclusions reached in the paper are the result of a consideration 
of several different spectra which are known with sufficient experimental 
accuracy to enable a discrimination between the formulae to be made. In the 
paper, however, only the spectrum of helium will be dealt with, for it is 
peculiarly suitable on account of the general accuracy of its abundant series, 
and the especial accuracy of the first lines of the series, measured by Lord 
EayleighJ and by Evei*sheim.§ Moreover, theories of atomic structure are 
becoming definite in the case of helium, and can only bo tested by a more 
intimate knowledge of the nature of its spectrum. Perhaps at this point we 
may emphasize the urgent need, to the theoretical spectroscopist, of interfero- 
met<ir measurements of four or five successive lines in any helium series. 

The very complete study of the helium spectrum made by HicksH does 
not include the measurements of Eversheim, which are according to the 
International scale of wave-lengths. This scale must be used in any accurate 
discussion of spectral formulae. At the same time, wave-lengths reduced to 
vacuo must be employed. The reductions to vacuo may bo effected by the 
tables published by Kay8er,ir and they have been applied to all the wave- 
lengths studied below. 

The main novelty in the treatment consists of a method for the accurate 

^ * Ann. der Phy»./ vol, 26, p, 6<JQ (1908), 

+ *rkil. Trana./ A, voL 210, p. 60 (UUO). 
t ‘Phil. Mag.' (6), vol. 16, p. 648 (1908), 
g * Kayaer'a Handbuch,’ vol. 6, p. 520. 

II Loc. eit. 

IT ‘ Handbxich dsr Spectroscopie,’ vol. 2, p. 676, 
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determination of the limits of series, which requires, for its application, a 
preliminary formula, for example of the Hicks type, for the expression of the 
series. 

The Diffuse or First Suhordiruiic Series of Helium, 

Hicks has represented this series with great accuracy by the formula 

1/ = 29222’505-109689'2/{w-f 0*996347 + 0*002200/w}3 (7) 

The lines are doublets, and the formula relates to their more refrangible 
components. 

In the following Table are the wave-lengths (X) and wave numbers (y) of 
the lines of this series. The first two are Eversheim’s, and the others are 
llunge and Paschen reduced to the International scale by the corrections 
published recently by Kayser.* All Jjave been reduced to vacuo. 


m. 

j \ in A. j 


1 1 

{ 1 

! m. 

i ' 

1 

\ in A. 

V ^ 10»X *1. 

2 

6877 -240 

17014 *780 

i 

! 9 

3566 *440 

28126 -912 

a 

4472 *724 

22867 *740 

! 10 

3681 *480 

28316 *689 

4 

4027 -308 

24830 *479 

! 

8618 ‘486 

28461 *760 

6 

3820 ’004 

20173 *469 

12 

3499 *014 

28574 *681 

1 « ' 

.3700 -034 f 

20983 *021 

1 13 

3488 *704 

28608 *941 

! 7 ' 

3035 -258 

27608 *362 

i 14 

3479 ‘934 

28786*170 ! 

1 » : 

3588 *280 

1 

27808 -OCXl 

1 16 

8472 *704 

28795 *606 j 

..... 




i 

. . . . 

! 


The last figures in X are not all exact, and, in certain cases, the errors, which 
nro larger than were estimated by Kunge and Paschen, amount to 1/100 of 
HU Angstrom unit. In the following investigation, however, where the limit 
is calculated from every pair of successive lines, the mean must be very 
accurate if the errors in the lines are not systematic. 

The Hicks formula shows that they can be represented by 

Vtn = A — N/(m-}-S-f 1)^ (8) 

where S never exceetls 0*004. If this be expanded 

^ ^A- ^ T l I ..1 

(mH-l)^L w-fl (?a-fl)^ J 

The fourth term of this very convergent series is 8N3^/(m+ 1)*. Since N is 
about 10^ this cannot exceed 

3.10M6.10-^«.3-*== 0-06, 

even when m == 2, If we take all the lines beyond m =: 3, it cannot exceed 
0*007, so that for all these lines 

I.,. A-^N/(m-hl)«-p2NS/(m-f 1/; 

♦ ‘ Handbucb der Spectroscopic,* voL 6, p 891. 
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or 


and 


(w4*2)3p„+i = A(m + 2)*— ‘II(m+2)+2N'S, 
(?M -h3)®i/m+a = A(m4- 3)®— N(wt-f3)+2NS. 


A (^42)»y^4i— (m+iyym4-N 
(^ + 2)®— (m+1)* 


( 9 ) 


If the value of N were known, this formula would permit a determination 
of the limit of the series from any pair of consecutive lines. Actually, the 
exact value of N is one of the objects of the investigation, but we know that 
it cannot differ greatly, whether on a definite theory such as Bohr’s, or on the 
results of the calculations of Hicks, from Curtis* value for hydrogen. We 
may therefore write N = 109679‘22 + SN, where iN' represents the diver- 
gence of the value from that of Curtis, and treat SN as a small unknown 
magnitude. The calculated limit for any two lines is then of the form 
C-f-BSN, where C and B are numerical, and B is a very small coefficient, 
of order, as appears later, about 10“^ A series of values of this type are 
then obtained, and their mean, taken in accord with the usual methods, must 
be much more accurate than the value of the lijnit calculated, by the 
ordinary methods, by fitting an empirical formula to the leading lines of 
the series. For, in the pi*esent method, every line, beyond say m = 3, will 
be used twice. 


This final mean limit involves SN as an unknown quantity, and, in fact, 
the basis of the method consists of converting the ordinary uncertainty 
regarding the limit into a definite function of the uncertainty in the 
value of N. In this w^ay it becomes possible to proceed, without a more 
definite determination of the limit, just as though that limit were 
accurately found, for the degree of uncertainty is known as an exact function 
of SN. 


• One or two remarks may be made at this point. Although a Hicks formula 
is our starting point, the small systematic deviations given by any Hicks 
formula for the higher lines do not enter into the calculated sequence of 
limits, whose mean is finally taken. They would be detected, if present, 
by a systematic change in the calculated limits, and, as pointed out later, 
when these are calculated this effect does not occur. On the other hand, 
from the mathematical point of view, the binomial development used above 
does not admit of their occurrence, being remarkably independent, in its final 
results, of small changes in the value otm+fi adopted. 

The small differences between our limits and those of Hicks are not entirely 
due to the use of International units. 
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The Sharp or Second Subordinate Series of Helium. 

The Hicks formula for this series is 

= 29222‘696-109719-6/{m-f 0*705092~0-013408/m}» (10) 

and the lines, corrected to the International scale and for the refractive 
index of air, are shown in the next Table. The first two are Eversheim's 
absolute measurements. 



A. 

V. 

ffl. 

A. 

V. 

2 

7007 -188 

14150 *028 

; 9 

8563 -978 

2 S 05 B *672 

8 

4714 -448 

21211 889 

1 10 

8687 -804 

28266 *120 

4 

4121 -963 

24260 *284 

11 

8518 *816 

28422*686 

6 

8868 -687 

26849 *664 

t 12 

8608 *802 

28644 *406 

6 1 

3788 -894 

2 G 781-690 

I 13 

3401 *602 1 

28640 *146 

7 1 

3662 -991 

27874 *826 

i 14 

3482 ‘432 

28716 *662 

8 

3600 -329 

27776 ‘287 

;j 

1 

1 



The Hicks formula is of the type 

A-N/(m-p0*74*a)^ (11) 

where, after m = 3, S never exceeds 0*004, so that tlie preceding method 
can be applied, giving 

A S= ^ yni4i — (ffl -f ym 4 N 

(m + r7r-(m-4-0*7)'^ ‘ 


Th/: Prmcipal Series. 

In this case the Hicks formula is 

V = 38453*347~109666*2/{m + 0*929442 + 0’007792/w}^. (13) 

Only the first line has been measured by an interference method. The 
probable correction required to reduce it to vacuo has been found by 
interpolation from Kayser's Tables as 2*53 A.XJ. Paschen gives its wave- 
length as 10830*30 A.U., measured by the interferometer.* 


m. 

A. 

V, 

m. 

A. 

V. 

1 

10882*68 

9881 -198 

6 

2764-600 

86171 *595 

2 

8889-716 

I 2670 S *822 

7 

2728-966 

30711 -188 

8 

8186 -608 

81861 *605 

8 

2696-914 

87079-418 

^ 1 

8946-964 

83044 *868 

9 

2677 -880 

87842-967 

6 1 

88 i !9 -879 

86887 *197 

10 

2668-976 

87687 -869 




* Trans. Intern. Union Solar Besoarch, Bonn, 1913. 
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Leyond vi = 2 even, we may take the denominator in Hicks’ formula as 
(m+O'930 + S)*, where S is df order 0'002 at most. Then, for m = 3, 

:mS^/(m+0‘93)* =r 0-005, 

and is negligible. Thus we may write, beyond m s= 2, 

A = ('"* + (w-f 1 -QSy i;„+i + K 

(m + 2-93y>-(m + l-93f ’ ^ ^ 

The next section exhibits the results of these calculations. 


LimUa of the Series. 


For the Diffuse series, using lines 
limits are 

A = 29223-478 + SN/91, 
29223-577 + SN/169, 
29223-072 + SN/ 271, 
29224-429 + 5N/397, 
29223-354 + 8N/547, 


beyond m =s 3, successive values of the 

A = 29223-530 + 8N/127, 1 
29223-071 + 8N/217, 

29224-41 2 + aN/331, >• (15) 

29224-085 + SN/469, 

29224-149 + aN/631. .- 


No value of SN can be found which makes the general deviations from 
equality any smaller than they are for the c.aloulated parts at present — 
a first indication that 8N = 0. 

If SN exists the other portions should become progressively larger, and 
this does not occur either here, or with the Sharp and Principal series. 

The mean value is 

A » 29223-776 + 0-004416SN, (16) 


and differs only slightly from each individual value. As there are 10 of 
these we may attach considerable accuracy to the mean, 8N denotes the 
increase of the value of N beyond that of Curtis, It is noteworthy that the 
value chosen for N makes only a minute difference in the limit, if the 
variations of K are of the order hitherto suggested. 

The application of the same process to the Sharp series gives the values 


A' = 29225-350 + 0-01229 SN', 
29224-170 + 0-00642SN', 
29224-164+ 0-00393 SN', 
29223-279 + 0-00265 8N', 
20224-514 + 0-00191 8N', 
The general mean is 


29224-386 + 0-00866 8N', 'j 
29223-373 + 0-00495 SN', 
29223-648+ 0-00320 8N', ^ 
29226-665 f 0-002248N', 
29217-241 + 0-00165 8N'. ^ 


(17) 


A' « 29223-678+0-00479SN', 


.( 18 ) 
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but a more accurate value will be obtained by attaching weights of | to 
the first, eighth and tontli values, which differ considerably from the others. 

We notice that in the 10 values of A' or of A, there is not a systematic 
increase or decrease, whether 5N, SN' are zero or not. This illustrates the 
remark on an earlier page that the method does not involve the systematic 
small deviations usually given by a Hicks formula for the higher lines (in 
order of 7)i) in any series. 

The resulting weighted mean is 

A' =: 22223-780 -fO*0046BaN'. (19) 

More exliaustive treatment does not appreciably alter this value. 

The Principal series, treated in the same way beyond m = 3, gives the 
values 

A^ = 38451-8314 0'0169SN'', 38454-43540‘0113SN", 

38454-052 -f 0-0080 oN'', 38455-15540*0060Shr", 

38453-563 4 0*0047 SN", 38456*579 4 0*0038 SW\ 

38457-99:; 4 0-0031 «N", 

Tlie general mean is 

A" = :38454-801 4 0*00768 (21) 

from which we see that if 3N" is not largo, the only bad values are the first 
and last. Now the first pertains to tlie lines most readily measured, and we 
must conclude that the strict applicability of the method has not commenced 
at this stage, so that the first two lines at least should be weighted on this 
account. A similar error of opposite sign does not appear in the second 
value, as it should if an error of measurement accounted for tlie discrepancy 
in the first value, according to the method used for the calculation. The 
divergencies in the first and last values practically balance, so that the 
general mean must be* nearly accurate, so far as casual observational errors 
are concerned. By attaching weights 1, 2, 3, 4, 5, 6 to the first six values, 
corresponding roughly to the degree to which the formula is applicable, and 
a weight 1 to the last value, we shall obtain a mean nearly free from errors 
in formula. 

The result is A'' = 38454-943 4 0*00622 SN^', (22) 

and this result must possess considerable accuracy, beyond, in fact, tlie 
accuracy of individual lines. 

We may now consider the Values of SN, 6N', SN". The limits are 

^ A « 29223-776 -f0-0044165N (Diffuse), -] 

A' sr 29223-7804- 0-00468 SN' (Sharp), I (23) 

A" = 38464-943 -40-00622 3N" (Principal) J 
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If Curtis’ value is used, or if N is an absolute constant for arc speotra, 
SS =: SW r= SN", and A sk A' with extraordinary closeness, so that the 
Diffuse and Sharp limits are identical. The simple Hicks formulee make 
them differ by 0*1. Moreover, the Bydbei^-Schuster law gives us the wave 
number of the first Principal line, 

= a8464*943-2j?223'V80 = 9231163', (24) 

against the practical value 9231198. The agreement is almost exact, and 
that both these laws should be fulfilled so exactly at the same time is a 
convincing reason for belief in both, and also in the fact that Curtis’ value 
pertains to helium. Even the minimum value of SN" required by Bohr’s 
theory, if the arc spectrum of helium behaved like the spark series dis- 
covered by Fowler, is only 44*8, but this makes a serious difference in the 
limits of the Diffuse and Sharp series. .Since, however, no method has been 
suggested by which the theory can produce the arc spectrum of helium, and 
such a suggestion appears to ha impossible,* we cannot now go into this 
question. But attention must be called to the extreme sensitiveness of this 
mode of testing the Rydberg-Schuster law, if many lines in the series are 
known. 

After the proof in later sections that SN «= 0, it is possible to say that the 
laws of limits are exact. The actual limits deduced are not quite those of 
Hicks, wliich give a difference of about 0*4 in the Eydberg-Schuster law. 
Such a difference can be proved not to arise from the difference between 
Rowlands* and the International scale, which can only account for a quarter 
of the effect. The method of the paper, therefore, definitely tends to confirm 
the Rydberg-Schuster law, which has now been ^shown to be correct to 
six significant figures in either limit. 

llie Series Formula, 

The present section is designed to show tliat three ideas — the Eydberg- 
Schuster law, Curtis’ value of the universal constant, and Rydberg’s 
hypothesis that wave numbers of series lines are functions not of an integer 
m, but of in -h fi, where /a is the ‘ phase ’ of the series — are intimately bound 
together, and that if we assume any one of them, the others follow as necessary 
consequences of a strict examination of any well-measured spectrum. In the 
opinion of the writer, this fact is a conclusive proof for the truth of all three. 
We shall examine, in the most minute manner allowed by the measurements, 
the Sharp series of helium, with the preliminary remark that the results 

* ‘ Phil. Mag./ March and July, 1914. 
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obtained are not peculiar to helium. The idea assumed will be the Rydberg- 
Schuster law. 

The Sharp series has the form 

= A'-WjpJ. 

where pm is of an unknown form at present. If N' = 109670'22 + SN, the 
form becomes 

•v„ = 29223-780 + 0-004688N'-(0-109679-22 + SN')/p„» (25) 

where i/j = 14150028, vs = 21211-389. i »4 = 24260-284, 

the first two being the extremely accurate measurements of Eversheim, 

By the Eydberg-Schuster law, v\ is minus the wave number of the first 
principal line, or 

vi = -9231-198. 


The corresponding values of p„ can bo calculated from (25), and to the first 
order in 3N, become 

pi = l-688836 + 00759aX, 

= 2-697438 + 0-01187SN, 1 

ps = 3-699824+ 0-015788N, ( ^ 

Pi = 4-700763 + 0-01921 8N.-^ 


Being mainly founded on interference measurements, and on the calculation 
of close limits from every pair of later lines, tliese values are more accurate 
than any previously used in series calculations. 

< We may test, in turn, the various forms which have been suggested for 
treating SN as a small unknown quantity. The only suggestions regarding 
the existence of 8N are (1) that it exists (or may exist) as a small positive 
quantity, not greater than about 130 in helium (Hicks), and (2) that it has 
the value + 44-8 required by Bohr’s theory. 

We shall begin with the two-constant formula: for pm- Hicks has suggested 
that the form 

pm as m + ft + otfm (27) 

is exact. If this be the case, 


1 + ^ + « as 1-688836 + 0-0*759 3N, 
2+/*+«/2 = 2-697438+0 0«1187SN, 

’ 3+;*+«/3 « 3-699924+ 0-0n678SN, 

and the solution of these equations yields 

SN as 194-3, 

a value too large for either of the suggested changes in N. 
It is five times Bohr's -value. 


( 28 ) 
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The approximate Eitz form is 

Pm = m + 

and when treated in the same manner for the first three lines, which are 
sufficiently accurately measured to determine 8N precisely, yields 

BN ^ -- 255-2, (29) 

This is both large and negative, ajid the formula is therefore not so good 
as that of Hicks. This fact is in agreement with ordinary experience, which 
shows that the formula is also less satisfactory in other respects. 

Hicks lias suggested 

pm = + . -M 

wliich is equivalent to 

pm = + + + ^ ( 30 ) 

The application of this formula is more complicated, and need not be given 
in detail. It leads to the value 

BN == 776, (31) 

so that the formula cannot be entertained. 

The proper Eitz formula makes 

pm = va-H/i'-t“^(A' — Pm) ^ (say), (32) 

dependent on the wave number explicitly as well as implicitly. 

If this l>e employed, 

1 + 9231-1987 - pu 

2 -4- « "4" 14150*0287 ^ P^* 

3 “f* 21211*3897 = pg, 

where pi, p2, pa, are given by (26). This leads on solution to 

« 86-7. (33) 

This value is nearer the accepted limits of possible variation of N, and the 
formula is therefore better than any of those preceding. 

We shall not give the further discussion of the formula, but it is sufficient 
to say that if this value of 3N is used and the other constants calculated, the 
ensuing wave numbers for the lines corresponding to m = 4 and m = 5 are 
not quite satisfactory. They are, however, better than those given by any of 
the preceding formulae. Another mode of attack is to calculate the value of 
BN furnished by the lines m ss 2, 3, 4, which are measured with sufficient 
accuracy. It becomes SN* sk 53*1, differing somewhat from the preceding value, 
but very close to zero in comparison with the others. A variation of this 
amount in N has little efffect on later lines, and we -may conclude that a true 
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RitJ!! formula, with N = 109740*0, is remarkably axjcurate for the Sharp series 
of helium, but that it does not obey the Rydterg-Sohuster law accurately. 
This utility of the Ritz formula is significant later, for it involves pm as a 
function of m + p rather than of m. 

Many other two-constant laws for have been examined, but none are 
satisfactory, the test of a satisfactory law being that SN does not exceed a 
certain rough value, and that it shall be at least approximately the same 
whether calculated from m = 1, 2, 3, or m = 2, 3, 4. The conclusion has 
been reached that no formula with only two constants in pm can obey the 
Rydberg-Schuster law, and represent tlie Sharp series accurately. It is, 
in fact, a matter of practical experience among spectroscopists that the 
deviations given by all such laws, however small, are systematic for the 
lines with the higher values of m. We now see that this is not due to 
uncertainty about the linfit of the series. 

One of these remaining laws, however, is of special interest later. If we 
write 

Pm = m + ft + a/ («i 4* ft), (34) 

we have a two-constant law satisfying Rydberg's opinion that (m-j-ft) is the 
important parameter in p,». This makes 

(1-f = (1 4^) pi, 


(24/a)^ 4« = (2 4ft) pa, 


(34p-)*4« = (34P')p3» 


or ^ 2pa-pi--3 _ 3pa-2p8-5 

^ ii4pi~“Pa 24p8““P8 

The value of SN is therefore given by an easy calculation, and becomes 
SN = 830. 

The formula is therefore not a good one, and when we compare it with that 
of Eitz, the best yet treated, we reach an interesting conclusion. For the 
true Eitz formula has for its second approximation 


and if the true form is 


(36) 


Pm = »n. + /A + «/(w + /a) + /3/(»j. + /»)*, 

then « is less important than This conclusion is confirmed later. 

Three-Oon»tant Formvlm for p.,. 

If any of the preceding formulas are first approximations to the truth, their 
systematic generalisation by the addition of more ooustaiats should lead to 
bettor results. In this seotiun, we shall treat the Hicks fonnula, and the 
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formula last quoted, in this manner, and it will become apparent that 
a definite conclusion as regards these formulae can be reached. But this 
conclusion is actually a general one as regards thi*ee- or four-constant 
formula, for many have been tried which we have not space to mention. 
Throughout tlie work one formula has stood out with special excellence, 
and the contingent circumstance that it preserves Kydberg's absolute 
constant is a further indication of^ its truth. In view of the especial 
accuracy of the lines which are used, the success of this formula is more 
significant than those of iormulte applied to lines of less accuracy in 
previous investigations. 

The first generalisation of the Hicks formula is 

zsi m-f ( 36 ) 

and if it be applied to the first four lines, ^ 

1 + = pi. 

2»*f2V*f2«-h/9 =: 2% 


The elimination of can be performed at once ’by a well known theorem 

of algebra, to the effect that if r and^? are integers, and a and h any quantities, 

1 ^ i 

= hPr ! if r =: p. 


In particular, choosing a = 5 = 1, p+1 s= «, 


(;)7) 


II 2 1 ’ 

cs ri — 1 1 if r = rt— 1. 

(38) 

In the present case n as 4 and we find 

4*P4-“3.3*pj + 3.2*/»,— />! as 6. 

Substituting the values in (26), we find 

SN » 166-8, (39) 

which is better than the preceding value with the simpler formula, but 
nevertheless not good. Any formula must be mqseoted to give rather a 
better value when It contains an extra constant. 

If we add yet another constant, and write 

pm “ 


(40) 
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then SN is detemined by 

6V5"-4.4V4 + 6,3V3--4.2Va+Pi « 4! « 24, 
and substitution of the values in (26) with the addition of = 6701324 -f 
0*0*169 5N, yields 8N = 20*4. It is evident, therefore, that with the addition 
of more constants to the Hicks formula, is converging to a small value. 
The values to be expected are zero or 44-8 (Bohr), but the convergence in 
the case of the Hicks formula is evidently slow, and the number of constants 
already contained, which is just sufficient to bring SN into the neighbourhood 
of the expected values, indicates that the formula is not of the best type. 
In other words, although pn must be capable of development in the form of 
a series like (40), in descending powers of m, the development is not con- 
vergent enough for the smaller values of m, A development in some other 
inverse power is required, and Kydberg^s theory is at once suggested, 
according to which 

pm = w + /A4-a/(m + ^)4-/3/(wi-hM)M“..., (41) 

where the coefficients a, yS, decrease more rapidly than in the Hicks 
form, is the natural form of pm* We liave already tried the case in which 
only a is retained. It gives SN = 830. The accompanyiug value of the 
phase is found to be 

p, = 0;7282. 

The comparative success of the true Ritz formula indicates tliat Rydberg’s 
formula is on the right lines. 

Absolute Character of the Rydberg Constant. 

We may now retain another constant and write 

pm » w+/x-f'a/(m+/a)-f /8/(«t-f /x)^ 
so that (1-f M)*'4-«(l-h/4)-h/9 = (H-m)^Pi* 

(2-h/x)®'ba(24*y;x)-f/3 = {2'\'fifps, 

(3 -f p)^ + « (3 -f /x) H- yS =a (3 -f- pY p^t 
(4-h/t)»4-fle(4-hya)4- ^ = (44-/x)V4. 

Elimination of « and yS from the first three equations gives the quadratic 
for/4, 

A**{/>»+pi-"2p2}+ytx{6/>8-*8p3-f2yE>i--6}“f 12} as 0, (42) 

and from the last three, 

p^ {pi-^ip^^ p%} ^ p { 8 / 04 — 12p3+4/}3— 6 } + {16/>i— 18p3-h4p3— 18} = 0. 

( 43 ) 
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A value of must be selected^ so that these equations have a root in 
common. 

In the preliminary solution we may neglect the portions of pi, pa, 
dependent on Slf, which are in any case small The first quadratic then 
becomes 

0'006216iaH 2*002888/4-- 1*407742 = 0, 
and its solution is /i = 0*700133. (44) 

If the terms in SN ore included, fi will be altered by on amount 3/4, where 
it is easily shown that 

8/4 { 2 / 4 (p 8 +pi— 2pa)'f 6p3— 8pa"f 2pi*~6} 

= — (/i-f 1)* 8pi-|-2(/4 + 2)® 8ps“— (/4+3)® 8p3, 
where 8pi = 0*0«7598K, Sp^ := 0*0^1 187 8N, Spa = 0*0*1 578 SN, 
and, finally, 

ft = 0*700133 + 0-0*3227 8N. (45) 

Tlie second quadratic is, without terms in 8N, 

0001447/4H 2*002032/4-1*405128 = 0 ; 
and, solving in the same manner, 

/4 = 0*700149 + 0*0*3898 SN. (46) 

These two values are identical if 

8N=: --2-38. (47) 

This is the best result yet obtained, and the improvement made by the 
addition of one more constant is remarkable. 8N is now well within the 
limits of previously suggested variation of N, and it is almost exactly zei-o, 
suggesting that zero is its actual value. Moreover, the calculated value of 
/t becomes /4 = 0*700066. 

This suggests that /4 is converging to the value 0*7 exactly, in other words, 
that it is a very simple fraction, while 81T is converging to zero. This would 
be in accordance with views expressed by Halm.* 

There is a strong case for further investigation, and we therefore employ 
a four-constant formula to fit the first four values of p*,. Thus we write 

pfli 5SS ??44'/4 4“«/(^^+/4)-f-^/(w-f /4)*-f •y/('^4‘/4)® (48) 

aud find tliat /& is then a solution of the cubic 

(|04— 3pg-|-3p8-“/n)'f3/4*(4p4— OpB-hOpa— pi) 

•f 3 /4 (16 p4 — 27 ps + 12p8 ~pi 8} 4* fi4p4 — 81 ps 4*24 pt —pi — 60) ass 0. 

(49) 


* ‘Roy. Soc, Edin. Trong.,^ voL 41 (1906). 
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Neglecting terms in SN, this becomes 

0*004769/i»+0-001284/i^-6W860/i4'4'202764 s= 0, 
whence = 0*699922. 

The convergence to the value 7/10 is still evident. If we include the 
terms in SN, the result is 


fi = 0*6999224*0-00015988N, (60) 

At the same time, 7 is found to be so small that it is of no importance 
beyond m = 1. The application of the four-constant formula to the lines 
m SE 2, 3, 4, and 5 would therefore lea<i to the value in (46), 

or /i = 0*700149 + 0*00003898 SN. 

The value of 3N for a four-constant formula is therefore obtained by 
identifying the last two values. It becomes 

6N=+1*87, (51) 

or almost precisely ;cero again. There can be no doubt now that the value 
given by Curtis is absolutely correct for helium as well as hydrogen, and 
that, the Rydberg form is the proper development for pm — proper, of 
course, only in the sense of being most natural. For the more lines we use, 
the more definitely does SN converge to *zero. The mean of the last two 
values is —0*25, which is quite negligible. 

The mean value of p, is now, from the last two values, 

0*700035 + 0 0001208 SN. or 0’700005, 


and that its value is exactly 0*7 cannot be doubted. 

If we now, using the greatest possible accuracy, adopt fi ^ 0*7, 5N ==: 0, 

pm = W'+/c+«/(m+/i) + ^/(?7t+/A)^+7/(m + /i)^, (62) 

we find, after some reduction, 


« = 0*018646, /3 = -0^077181, 7 r= 0*02276, 


the coefficients being alternately (positive and negative. As anticipated. 

is more impfi>rtant than «, and afterwards the convergence is rapid except 
for the first line. 

The Sharp series becomes 


where 


pm 


V ^ 29223*780- 109679*2/p«» 

^ ^ 0*018546 _ 0 077181 ^ 0*02276 

+ m + O-7 ■"(»»+0-7)»'^(wH-0-7)»’ 


(53) 


The last) term is practicallj negligible even for the line m s 3, and the last 
but. one very soon afterwards. But the determination of these coeflidients as 
preolsely as possible will ultimately shed light on the nature of spectra. 

y 2 ' 
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The fonnula in not empirical in the ordinary sense, but hat* been shown to be 
of the necessary practical form. It is now evident that the values of are 
not simple, and that no formula yet proposed is anything but an empirical 
approximation. 

One remark may be made. It seems probable that the only way to regard 
the sequence pi, pa, ... pm,i8 as the roots of a transcendental equation, and the 
probable nature of this equation can be suspected. !For the equation 

tana? = ... (54) 

has roots which express themselves naturally in this manner. The general 
behaviour of the coefficients is exactly in accordance with this view. 

At the same time, if the Rydberg-Schuster law is true, Rydl)erg^8 constant 
is the same in hydrogen and helium, and vice ve^nd. The law is at the same 
time certainly true from the earlier part of this paper. 

The Diffme Serus OonstantH. 

In the Diffuse series, the investigation cannot be pushed so far, for the line 
m = 1 is far in the infra-red and unknown. But Eversheim has measured 
m = 2 (the line Djj) and m = 3 accurately enough tor our purpose, andM=:4 
is in the part of the spectrum, near \4000, where accurate measurements are 
possible. But m » 6 in this series Is known, from the work of Hicks, to be 
a bad measurement. Our conclusions must, therefore, be drawn from three 
accurate lines only. N'evertheless they are quite definite, as will appear. 
The limit of the series is given very accurately by 

X =: 29223-776 + 0 004416 «N, 
and the wave numbers are 

^ 17014-789, = 22357*740, 1.4 = 24S30-479, 

so that the values of pm = (109679*22 -f^N)*/( A— are, on calouktion, 
ps = 2-997246 + O-0n3128N, 

pa = 3-996769 -h0-0n696SN, I (56) 

P4 = 4-996610 -h 0-0^2027 BK j 

Since ^ is nearly unity in this series, whatever formula be adopted, a Hicks 
fonnula, or, in fact, various forms, can give good results. If, for example, we 
use the Hicks form 

p«> =3 

then 44*2^+flt = 2pi, 9-f 3>i-h« — Spa, 16-1-4/^+ a = 4p4, 
whence 2pa + 4p4— Op® = 2, and, solving for iK, we obtain 

8N«16*1. 0S) 

This is already nearer to zero than to Bohris value. 
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Now wo have every reason to believe that the variable parts of the Diffuse 
and Sharp series are of the same type. Spectroscopists would hesitate to give 
up this opinion. If, tlierefore, we use tlio Sharp series type with only fine 
constant «, we write 

p-m. = ?>l + + «/(/». + /i), 

and obtain two equations for and SN, 

^ _ 4p4 — dpa— 7 _ 3p8— 2pa— 5 
2 + ps — pt 2 + pa — pa 

The results of the arithmetical work are 


SN=-26-4. /*= 0-99635. 

The value of SN has passed beyond zero, and when the type of formula 
found necessary for the Sharp series is employed, the clioice lies between zero 
and a negative value. We cannot add another constant and proceed further, 
for we lack the line m = 1, the line m = 5 is inaccurate, and m = 6 is too 
far down to be of use with the present accuracy. 

But we can proceed in another way. For in the case of the Sharp series 
the constant /3 is as important as a. This may be the case here. If so, a 
close value of SN can be found by (1) neglecting as above, and (2) 
neglecting u, and (3) taking the mean of the two results. For the errors 
they produce in 8N can be shown to be in opposite directions. If, therefore, 
neglecting », we write 

Pm = m+fi+^f{m+/iy, 

and solve the resulting equations, we find, after some reduction, 

8N= +25-2. 


The mean of the two values is SN = t(25‘2— 26'4) ss — 0’6, and the true 
value is evidently again zero. At the same time, p. s= 0’996704. 

Anotlier calculation has been made, by taking a corrected value foY the line 
fft ss 5 from Hicks’ investigation, and using both « and The value found 
for 8N was about 3. 

The best available value of p is found by fitting a formula with three 
constants p, a, to p*, p*, p^, with 8N = 0. The result is 


p = 0-994180, 

but the calculation with m s 5 suggests that it is converging to 0*994. 
quite certain that p is not equal to imity in the Diffuse series. 

The more refrangible components of the Diffuse series are given by 
V m 29223-776-109679-22/pm» 


It is 


where 


Pm as m 4-0-99418+ 


0-023438 


0-074466 


m+ 0-99418 (m+ 0-99418)* ’ 
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The Principal Series, 

It m perhaps unnecessary to give the complete investigation for the 
Principal series, which proceeds in the same manner. We again find, though 
with less accuracy on account of bad measurements, that SN converges closely 
to zero as the number of constants in the formula increases, and that the only 
satisfactory form is 

which is not very convergent for the first lines. 

The leading line is known very accurately, and the next three are fairly 
reliable, from the lesults of previous series representations made by Hicks 
and others. The values of p are numerically 

pi = 1'937286, pfi =:= 2*933420, 

pa = 3-932255, p4 = 4*981434. 

The limit is A » 38454*943, aud the value of p, calculated from the first 
four lines is ss 0*924507. There is evidence, moreover, of a convergence to 
0*925, which further measurements may confirm. Pending such measure- 
ments, the only interest of this investigation of the Principal series lies in the 
fact that N has again Curtis’ value, 

A consideration of the spectrum of parhelium is left for a later paper. 

Stmmary, 

1. The limits of series with many lines, for which a Hicks formula is 
already known, can be calculated with extreme accuracy by a new method. 

2. The interferometer measures of the leading lines of the helium series 
enable the best form of the series to be obtained, and this form is an extension 
of that of Eydberg. dependent on and not m, 

3. The value of Eydberg’s constant 109679*2 given by Curtis for hydrc^en 
is the true value for the arc spectrum of helium, and is in fact a rigorous 
constant for arc spectra. Spark spectra are not treated. 

4. The Eydberg-Sohuster law of limits is exact for helium. 

5. It seems probable that /t is a simple fraction whose denominator is a 

multiple of 5, as Halm has suggested. It is exactly 0*7 for the Sharp series 
of helium. ^ 
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The Orhite of a Charged Particle round an Electric and 
Magnetic Nucleus, 

By W, M. Hioks, F.R.S. 

(Received January 22, 1215.) 

The following ooinmunication is formally a complement to one published 
in the * Proceedings ' of the Society* on “ The Effect of the Magneton on the 
Scattering of a-Rays/* 

In the present paper the more general case of a central positively charged 
nucleus possessing mass and a magnetic moment is considered. The case is 
treated as if the mass of the nucleus is so large compared with that of the 
revolving particle that it may be regarded as fixed. It is, therefore, not 
directly applicable when the revolving body is an ae-particle except in oases 
where the central mass is large compared with that of the hydrogen atom. It 
is shown later what modification is needed when the motion of the nucleus 
is not large enough to affect its magnetic quality. The former paper was 
suggested by certain theories relating to the scattering of a and /S-^particles 
by matter. In the present, however, the chief interest lies in the discussion 
of the nature and properties of the various orbits, more especially of 
such as do not extend to infinity, or as they may be called ** local orbits." 
In both cases the motion in the equatorial plane of the magneton alone is 
considered. 

OrhUs of Positive Partide, 

The following specification of the system will be used : — 

Charge on the nucleus == 7ie magnetic =» nec static units. 

Charge on the moving particle = n*e magnetic = nfec static units, e being 
the positive electronic charge and n' = 2 for an a-particle. 

Moment of magneton = M. 

Mass of moving particle «= 

Suppose the m«^eton has its N pole above the paper. Then its field 
will always turn the particle to the left of its path, and, p denoting the 
radius of curvature, 

SK (MtiVv— nnV(^)i . 

p . ifi 

The eqiiAtion of energy gives 

* Series A, vol. 90, p/356. 
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in which V denotes the velocity at infinity, supposed parallel to the initial 
lino oi 8. 

These equations may be written 


1 

P 


lv/'(l-&w) l-huj ’ 


miP — mV®(l— 6m), 


where 


Mn'e. 
mV ’ 


_ 

mY» ’ 



both a and b being of the dimensions of a line. 

Since 1=1. 

p r dr du 

^ 1 

du ^ 

Wh.n« y = (1) 

where p' is the value of p at infinity. 

Jpnidal Distances. — These are given by jj = r = 1 /«, or 

1— 6«— M*(p'— a®M)* s= 0. (2) 

It will simplify matters if we use a unit of length s a ; in other words, 
write M for an, p for pfa, and h for 6/a. 

The apsidal distances are then given by the roots of 
1 — 6m— M*( p'— m)* SB 0. 

Tanpmts to Orbit from 0. — When the tangents exist /> = 0, 

M ss p' (or, in ordinary units, au = p'fa). (3) 

Points of hijfteetion. — When these exist dpjdr = 0, or oe . 


This condition gives 


U sz 


- 2-p'6 
“ 6 ' 


or, in ordinary units, 


a»6 

^ 2a*— p'6 ’ 


(4) 


They are, therefore, non-existent if p' > 2o*/6 (in ordinary units), also 
r > 6, therefore p' > o*/6, or points of inflection exist if p' > a*/6 < 2a* /b. 
Since p = i^(d0lds), it follows that 
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where 7, S are the roots of the apsidal equation supposed in 

ascending order of magnitude. It will be shown later that a is always 
negative. 

The apsidal distaxices are given by the biquadratic 

= 0 . 

The I'oots of this are determined by the intersections of the fixed straight 
line =r 1 — and the curve ?/ = u^(p — uy, where now p is written for 
p\ These vary for given a, 6, as p* is changed from — 00 to -f 00 , The 
curve is symmetrical with respect to a point at u = j^p, where there is a 
hump, and has two branches stretching to infinity as in fig. 1, a, K 



If j?' is negative, the curve is reversed with I’espect to OA, whilst the line 
AB remains unchanged. 

As p* increases from 0 to 00 the curve, while keeping its general shape, 
grows, the hump at P rising and Q moving out to the right. During this 
growth the hump may touch the line AB on the inside. 

If 80, it will again touch for a larger p' on the outside of the line, and 
between these the hump will cut the line in^ two points as in fig. 1 , h, and 
the equation has four real roots. 

If, on the contrary, the hump does not touch AB as it grows there will 
never be more than one real positive root. It is clear then that there is 
always one real negative root and at least one positive, and in certain 
conditions three real positive ones. 

The integration for 0 extends from « ss 0 to the smallest positive root, 
and in case of three real positive roots, there is another orbit corresponding 
to integration between the two largest. ^ In other words we get orbits 
stretching to infinity for all values of p\ and, under certain circumstances, 
orbits always at a finite distance. It is then necessary to determine the 
criterion for the existence of these “ local orbits. 

ii p- is negative the curve is reversed relatively to OA and there is always 
on? and only one positive teal root. In other words, only orbits extending 
to infinity can exist. As will be seen immediately, the top of the hump grows 
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very much more rapidly with increasing u than' the ordinate of the line. 
Consequently, while for there will be one negative root only, there is 
always a value of p* l)eyond which the hump will cut the line and the 
equation will liave three real negative roots. The negative roots do not of 
course refer to any actual orbits, but the natui'e of the reality of the roots 
will affect the transformation by which the integral giving 0 is evaluated. 

In fig, 1, Q corresponds to the tangent from the centre to the orbit, the 
points li to the apses, and B is a point of no velocity. 

In the case where {p' being positive) the bump never touches AB, as u 
increases from 0 it comes to Q before the apse, so long as OQ is less than 
OB, ie. 80 long as < 1/&. In this case there are actual tangents from the 
centre to the orbit, of lengths given by (3), All particles therefore projected 
from 00 in lines distant from the nucleus less than a^jh proceed in orbits with 
tangents from the centre, and may therefore form loops. When Q is at B, 
Le,p = 1/Z>, the contact points of the tangents and the apse coincide and the 
velocity is zero. In other words, when the line of projection is at a distance 
a^jb cm, from the centre the orbit has a cusp at a distance from the centre 
ssa h cm. As Q advances beyond B, the root lies to the left of B, 
A.e. u comes to an apse before a possible tangent, and the orbits have no 
tangents from the centre. On the other hand points of inflection now exist 
so long as p^<2/6 and when p* =s 2/fc the point of inflection is at infinity. 
For y>2/6 they do not exist. In fig. 2, a, h, c illustrate the nature of these 
orbits when nearest the nucleus. The figure is only diagrammatic. The 
inner circle has radius 6, the outer radius 


c 



In the case here considered there can be no combined atomic system. 

In the second case the hump may cut th^ line AB in two points. Suppose 
it first touches it for a value of p' « pj, and touches it outside for the value 
p' « p*. For p' = Pi the orbits are similar to those in the case just considered 
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with tangents from 0 , that is* in general, loops. But as p' becomes nearly 
equal to^i we have the roots yS and 7 of equation (6) becoming equal, and Q 
becoming very large as u approaches the neighbourhood of yS. In other words 
as the particle approaches from infinity and gets within a distance aj^ it 
makes a large number of almost circular revolutions and then again unravels 
itself until it reaches an apse by means of a loop. Wlien />' = Pi the single 
orbit becomes two — one from infinity ultimately revolving in a circle of 
radius aj^ and unravelling itself after an infinite time by a corresponding 
path to infinity; the other with one loop, having tangents from the centre 
approaching asymptotically from the inside to the same circle. It clearly 
corresponds to a circular orbit with instability. When p* lies between p\ and 
P2 there are two branches — one due to integration from 0 to w ^ and 
the second from w = 7 to = S. The first is from infinity, has no tangent 
from 0 , and a single apse u/y 9 . The second is a local orbit with apsidal 
distances a/7 and ajh. Asp' increases from pi to pa, Q moves out to B and 
then beyond. In other words, for p' C^a^jh Q lies between the apses* and 
there are tangents from 0* i.e. scrolls with loops. When Q is at B the loops 
degenerate to cusps. For larger values of p' up to pa. Q is outside B, there 
are no tangents, but, as before* points of inflection occur. As p' approaches 
Pa the roots 7* 8, tend to equality* 6 becomes very large. . That is the orbit 
again becomes a circle when p' ss p% with a radius ajh. This radius is greater 
than the cuspidal case and less than the unstable circular orbit above. It is 
therefore stable, t.e. a slight disturbance does not send the i^article to infinity. 

It is clearly important to know the conditions which discriminate between 
these two cases. To do this it is necessary as a preliminary to discuss some 
points as to the nature of the hump. ^ 

The equation to the curve is 

The peak of the hump is given by 

= Jp, >«p716* 

and its locus therefore is y = w*, Lt. the same as the curve for p 0. 
dyjdn =: (p— tt)(p— 2^^). 

There are points of inflection given by 

p*— fipw+fiw® = 0, 

whence ip(I±l/v/2X (6) 

For the point farthest out ’ 

« » ip(l + l/v^8). 
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At the point of infection 

dy _ 

^ i X height of the peuk. 

00 <7 


If />' be increased from a given value 

dyjdp = 2 u?{p--'ii) = -f BO long os 

That is, if p be increased, the hump of the new curve lies wholly outside 
the old one. 

IMscrimwMion of Ccms i and ii. — It is clear that it* the inclination of the 
tangent at the point of inflection is < tan"^&, the curve can never cut the 
line AB in more than two points. Consider the case where the point of 
inflection lies on the line and touches it, that is, choose p' so that the point 
of inflection is on it, and then h, so that the corresponding dyjdu 

p' is given by 

y/36 = l-ibp{l^l/^d), 
also — i = — p®/3v/3. 

Eliminating j), the condition for the possibility is 
6={4(2-v'3)/v/3}l, 

or, using ordinary units, 

b = {4(2-^^3)/v/3}ia = 0*697692L. a 

and then 

pfa = {4(2-V3)/v/3}V3 = 1*536202 ... 


Suppofte p\ hja, have the above values. Then, with p' greater, dyjdu at 
the point of inflection increases. With jp' less, the hump cannot cut the 
line in two points, and with p' greater, the humps always lie outside the 
above critical one, and therefore will not cut in more than one point. If, 
however, the tangent at the point of inflection when it is on the line is 
> tan“^f>, it will cut in two points. Hence the discrimination is that for 
two points on the hump (or four roots in all), dyjdu of the point of inflection 
when on the line must be numerically >?). In other words— 


for Case i 
Case ii 


b< 


0-6976921. a. 


(7) 


In case ii, with hja <0*697 the apsidal equation will have fom* real 
roots for values of p* between two limiting values ^ 3 , corresponding to 
the two cases when the hump touches the line (a) below AB and (h) above. 
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In other words, pu P2* must be suoh as to make the apsidal equation have 
equal roots. Consequently 

s= 0. 

The equation for the p values, found by the elimination of u, is found to be 

= 0 . ( 8 ) 

and the course of the elimination gives for the corresponding double roots of 
the apsidal equation 

in which is a root of the above quintic. 

Since the sum of the four roots of the apsidal equation is 2/> and their 
product —1, the sum of the other two is 2(^>— w) and their product — 
where u is the double root (9). Hence the other two roots are 

v/{ (^p-uf^lfa^). (10) 

The diagrams show that there will always be one negative root of (8) (as 
is clear from the equation itself) and two real positive roots ii bj a <C. 0*697 
and no more. 

The Angular Co-ordinate in the Orbit , — Equation (5) gives 


a _ r (p'--u)du p p'-u 

^ Jov^-Y ™ 

for the infinite branch, with apsidal angle given by the upper limit n =r /8. 
When a local orbit exists, i,e> 7, S, real 


p jt/— 

J. 


with apsidal angle given by the upper limit u =2 S and the tangential angle 
by w 2= p (when p < S). 

In a particular case, the first step is to solve the apsidal equation, and 
then apply a transformation by the known methods to reduce the elliptic 
integral to a canonical fonn. As the chief interest of the present communi- 
cation is in connection with local orbits, ie, orbits lying wholly within a 
finite distance of the centre, it will be necessary only to cany out this work 
for the case where all the roots are real, and p' positive. For the infinite 
branches w > 0 < using the quadric transformation, write* 




-iS-f 


* Notation and formulas of Briot and Bouquet, * Th^orie des Fonotions ELliptiquds/ 
p.43S. 
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yt — — fSilf — ’ll (anharmouic ratio of Ri, Ra, Ra, R* in fig. 1), 

(7-a)(S-/3) 

whence 

sin® (inverse ratio of Ri, Ra, P, R«). 

When M = 0, sintp= = sin^ (s^y) 


„ « as ^ =a 9r/2. 

Also from the apsidal equation 
Making the substitutions 


flt-f 7 — ^ 

/(7-«)(S-/3)J. 




(a-«)(s-/3) 


-/3) f* 

a) (S — ^) J ^ (w + sin* 1 — jfc* sin* 

9 . . /nu. 

8in^= V -■ g • 


w liere n = , sin ^ = \/ — ^ . 

p«— a d 

The apsidal angle © is given by ^ = 7r/2, or 

In the cuspidal case, where p = 6, a-f^-}-7— i = 0, and the first elliptic 
integral F does not enter. 

For the local orbits the integration is from u ^ 7 up to u = 3; k has the 
same value as above, but the transformations are given by 

with ^ = 0 when u = 7 , and <f) = ir/2 when w = 8 , 




where now 


8^/8 


and the apsidal angle is given hy ^ ^ trl2. 

For the cuspidal case, tlie largest root is given by 8 s= 1/8, Mid the others, 
therefore, by the cubic 


= 0 . 
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To solve thifl, put u tsz ^ 0^3 sec <}>, then 

cos — COS 3;^ 


where 3j^<7r/2, 
Then 

and the roots are 


♦ = 2„|±('_^) 


with 


a =fe J^sec(7r — 2= 

/3 = ^-^s&o(v/S-x), 

y =: aec (w/3-f-x)> 

8 = 1 = sec 3x. 


8ecx> 


For real roots, therefore, 5< <0*62. This is less than the general 

limit for four rml roots, as it clearly should be. If h is larger, x P'11*® 
imaginary = ^ h where coshS;)^' = *A\/*d¥l2, and we have the roots 


“ = -¥/ 


cosh ' 


(real) 


h\/'^ \/3 cosh X i: i ^'nh X 
4 coB^(7r/3)— cosli^;)^' 


The above give for all roots real 

P -= (^/ 6 ^X) 4" x) 

cos (tt / 6 4* x) cos’* (w-/ 3 — X) ' 

n sK (zr/AllX) for the infinite branch, 

\/o COB (tt/O 4* x) cos 3x 

H ss — (!r . /£z . X) for local orbit, 

cos^(7r/3-fx) 

whilst the equation for the local orbit is 

5= ^2cot^![Z^F(«) 

v co8 7r/6 


+ 


sin 2y 


y^{2cos(7r/6)cot(7r/3— x)} n(^). 


cos*(7r/3+x) 

The limiting oases, however, i.e. corresponding to equal roots of the apsidal 
equation, do not require elliptic functions. The first corresponds to /3 = 
and belongs to an orbit from infinity, the other to 7 = 8 and belongs to a 
local circular orbit. In the first 


e 


=f 

Jo 


JL. 


(/8 -- w) v^(m — «) (8 — « 


-du, 
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whence, remembering that \ (« + 2;84-S), 

vlna ^ y3(S+«)/2-«^-r/g-(g + «)/2]w+v/()8-«)(g-y9)(n-«)(8-«6) 

^(S+„)/2_«S + ^/-«S(/9-«)(S-/9) 

(13) 

and for the local orbit, integrating from ii to S, 

/% 1 , • -.i2W““a — S , j S-hac 

e- iTT + sm g_„ + J 


X log,^ 


.. S-0 ^(S + ci)/2-uS-W-(B + x)/2]u + ^/(0-a)(B-ff)(u~oc)(b-u) 
i I (S4*«)(S+^)-~5 (^ + «) 

(14) 

In the latter the angular co-ordinate in measured from the apse u =r S, In 
both, of course, the apsidal angle is infinite. 

In the particular case of three equal roots, where h = the 

orbit from infinity becomes 

^ = li! -1} 

whilst the local orbit merges in the asymptotic circle u = B, or r sr 0’8254a. 

In the above S is the abscissa of the point of inflection on the hump, ie. 
fi = (1 + 1 /y/^3) = i (-v/3-l- 1 ) hK The sum of all tliO roots of the apsidal 

equation is 2p, Hence 

« = 22>-3S = -2Z^(v^3-l)61. 

A 


Substituting these values, the equation to this orbit becomes 

+ ain-i 4- 21° 28', 


or putting in numerioaJ values, and returning to ordinary units 

e = |o •1165 y/y~±J^^4- 0-0400 j-7r+8m->(l-1275«.M-0-3660). 

It is interesting to note that this orbit is in plan altogether independent of 
the constitution of the nucleus — i.e. of M, n, n, e. Its size alone depends on it. 
With a given constitution, the definite value of h/a required determines the 
energy of the system— which then gives the value of a (see below). 

The foregoing may be illustrated by a numerical example. In order 
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that local orbits may be possible it is necessary, as we have seen, that 
ft/a<0‘6976.... Let us take then hfa = O‘o. 

The apsidal equation is then 

l — s= 0. 


The limiting values of p for these orbits are the two positive roots of 
V + |j9»+J^^-48p+64*| = 0. 


They are p = 1'7067, 2 0324. 

The apsidal equation gives the following roots : — 


For p = 1-7067. 
a = - 0-50.59 

/S = 1-0330 

7 = 10330 

h = 1-8530 


Poi-jp = 2-0384. 

« = -0-4462 

/9 = 0-6802 

7 = 1-9654 

S - 1-9654 


The orbits forp = 1-7067 are — for the path from inhnity 

_ A.Knnrc 1 . 1 0330 1-4538-0-3199 m+ v^(m + 0-5059)(1-8530-w) 

ff - 0 5J951og, ■ |:j220 


+8in“* 


u — 0-6735 
1-1794 


+ 0-5709, 


and for the local orbit, the same expression with 


0-8197 
■«- 1-0330 


in place of 


1-0330 

l-0330-t(’ 


in which in ordinary units « = «/»•; for js = 2-0324, the local orbit is a circle 
r s= a/8 = 0-5084a. 

For the cuspidal orbit p = 2 and the roots of the apsidal equation are 
a = -0-4616, /3 =0-5970, y = 1-8546, S = 2., 

The equations for the orbits are then 

(а) Orbit to infinity — 

0 = 3-6471 {n (n, k, (f>)-n(n, k, 
with /c» = 0-04712. n = 1-3380, ^ = 33“ 20', 

(б) Local orbit — 

0 = l-6600F(^)+13-492n(«,A,^), 
with h? = 0-04712, n = -9-6494. 

The apsidal angles are respectively 

e = 102“ 43', 7° 25'. 

The ftogle between two saocessive cusps in the local orbits is therefore 
14'* 60', 

VOL, XCL — A. Z 
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With the same value of h we may take f = 1*85 — about midway between 
the two limits — for an example of looped orbits. For this value of &, however, 
the cusped orbit is so close to the inner limit that the inflexional orbits cover 
a very snmll region. With p = 1*85, the apsidal roots are « = 0*4782, 
^ r= 0*7016, 7 = 1*5358, 8 = 1*9408. JThe equation U> the local orbit is 
0 - l*454F(0)+8*23in(n,/c,^), 

with = 0-1914, n= -3-060, ain* = 3060 . 

The apsidal angle is 16® 11' and the tangent from the centre makes an 
an^le 2^ 53' with the line to the inner apse. The apsidal distances are 0*65 la 
and 0*513a and the length of the tangent, 0*640a. 

Orbits of Negative Particle, 

In this case the force due to the magnetic field is to the right of the path, 
and the electric force is attractive. Hence, witti the same notation as before, 

SK C^nn'e^(^fr, 

in which, however, C will be negative for cases where the energy is loss than 
that due to a fall from infinity. Write C =: where / =« + 1 for paths 

from infinity and / = — 1 when the energy is less than that from infinity. 

Then as before it may be shown that 

p'-^a^u 

P ^{bu+/y 

Tho apses are given b)' tiie biquadratic 

/+6u— M®(p'+a*M)* =5 0 ; 

or, taking the unit of length = a, by 

/+6m— s= 0. 

Case i. — Energy greater than that from Infinity, orfss +1. — The roots are 
given by the intersections of y =s l+fcw and y = M®(p+w)*. 

Fig. 36 corresponds to p' positive. There is always one, and only one 
positive root— the largest root 8. In other words there is always an infinite 
branoli with one apse, and no tangent from tho centre, for Q lies to the left 
ofO. 

Fig. 3a corresponds to p' negative. There is always one real positive 
root, and may be two more if the hump can cut the line. Since the locus 
of the top of the hump is y =a «< it must cut y s= 1 + 6tt somewhere, 
since its ordinate increases with u much faster than that of ‘the line. 



Particle round an Electric and Magnetic Nucleus. 285 

There will thus be local orbits for values of f greater than some critical 
value, viz., for the case of two equal roots. This corre8iK:>nds to the case 




of the positive particle, in which the infinite orbit and the local orbit have 
a common asymptotic circle. The conditions for this case can be written 
down at once from the equations for the case of the positive particle 
already obtained by writing — Z) for & and — forp'. 

Thus the points of inflection are from equation ( 4 ) given by 

=r 

and exist so long as j/ > 2/6, or p' > 2a^/6 in ordinary units. 

There are therefore none with 7?' negative. 

The conditions for four real roots of the apsidal equation, ie. for a local 
orbit, are found from equation (8) to be the negative root of the unaltered 
equation, viz., 

+ + == 0 . 

The angular co-ordinate 6 is given by 

in ■which it is to be remembered that p’ is essentially negative. For the 
infinite branch the integration extends from « = 0 up to m = ;8, and for 
the local orbit from w = 7 to m = 8. The orbit = 7 is expressible in 
logarithmic functions, with asymptotic circles, but there is none corre- 
sponding to 7 = 8. Further, in this motion, contrary to that of the 
positive particle, u may have infinitely great values — that is. local orbits 
*exi8t in which the revolving particle may lie as close as desired to the 
centre even with a velocity greater than that due to a fall from iufiuity — 
supposed, of course, that it does not come close enough to interfere with 
the structure of the magneton or the nucleus. The existence of these 
combinations with extreme energy has its clear suggestions in connection 
with the theory of the inner electrons of atomic theory. They cannot 
exist with electric attractions only. Naturally, also, if the velocities are 
oompatable with that of light the whole theory is inapplicable. 

z 2 
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The signs of the in local orbits refer to directions of motion round the 
centre. 

In this case i, the transformations to reduce the elliptic integrals to the 
canonical form are the same as in the former case. 

Case ii. — Eiwrgy lenn than tlud ffom hifimty, or f = — 1. — The apsidal 
equation is 

— ] = 0 . 

In this case, in the diagram of fig. 3 the line is displaced to A'B', and 
the curve (ft) corresponds to p' positive. There is clearly no real root, or two 
only. The limit for the two is found by the condition that the curve touches 
the line, which gives a critical value for p\ Since dyjdp for the curve is 
positive for u positive the curve grows steeper with increasing p. Hence for 
two real roots p' must be less than this critical value. If the apsidal equation 
be written 

1 — fti4^ + (// q- fA/)* = 0, 

it can be transformed from the former equation by writing — for p' and 
uH for fl* If the equation for the critical p be thus transformed from 
equation (8) the corresponding equation for this case becomes 

46p*^+V--6y 4*30fty-f- 966p-f 64--27ftV4 = 0. (16) 

with the corresponding 

__ 245 + 3ft^p-.4p» 

In order, then, to have orbits with;)' positive, i.r. rotating anti-clockwise, it 
is necessary for the above equation to have a positive root. It is clear from 
fig. 36 that there cannot be more than one. Hence p ^0 and;? = oo must 
make the expression change sign, and this it cannot do unless C4 —276^4 is 
negative. Hence the required condition is 

276V4>64, 

or i>4/3»> 1*754766..., 

with b SB 4/31, ^ = 0, and the two equal roots of the apsidal equation 01*6 ^ 

M Bc 4/36 SB 3“1 

or r = 3*0. in ordinary units. 

B= 1-316074... a. 

This gives a circular orbit When b is greater than the above the 
equation (15) has one real positive root, say pi. Then for any value of p’ 
less than this, there results a looal orbit with two apsidal distances, and no 
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tangent from the centre. The orbit, in fact, encloses the nucleus without 
any loop»s. 

Fig, 3a corresponds to p' negative, or a clockwise direction of motion. 
Here clearly there may be no real positive roots, or two or four, to the 
apsidal equation. As increases, the right-hand branch of the curve 

must cut the line for some value of — greater than the largest root of 
equation (J5), which equation always has at least one real negative root. 
It does not necessarily follow tliat it has three real ones — or that the apsidal 
equation has four real positive roots — uxxless h satisfies ssomo condition. 
This condition is determined in a similar way to the corresponding case for 
the ]>ositive jwirticle. The line must be steej)er than a certain amount, 
ix. > a critical value. Thi.s is determined by the condition that the point 
of inflection must lie on the line and the line touches the curve there. But 
here it is necessary to take the point of inflection which is nearer to the 
axis of y. The condition is then found to be that 

h > 5-0;5019r,.., , 

\ V d / 


which may he compared with the corresponding value in the former case 


Tlie cases of all roots imaginary occur wlxen the line does not cut the 
curve of p' =: 0. The condition of this has been found for /x' positive above. 
If ft > 4 X there will always he at least two roots. 

The figure shows that with some particular value of viz. — 1/ft, Q will 
fall on B, For p* less than tins value there are no tangents to the orbit. 
Fory=: —1/6 there will he ousj>s for the smaller of the u-roots, the 
cusps point outwards. For — j/'>l/ft, Q lies tetween the two largest roots, 
tangents from 0 exist, and the orbit has loops. When there are four roots, 
the orbit with the largest roots has tangents from 0, the other not : that is 
the inner orbit has loops, the outer not. 

Points of inflection are given by 

w = 2/ft-/ == 20B-0Q. 

When therefore Q is on the right of B, w<OB, and as u is always greater 
than OB jxoints of inflection do not exist. That is orbits with cusps or 
loops have no points of inflection. When Q is on the left of B, w>OB, and 
it is not impossible for such to exist. To determine whether they actually 
exist it is neoessary to find whether the value of u lies between the 
roots 7 , 5, or : ix. whether the value of— 1 + ftw— tt)* is positive 
when 2/ft— jp is inserted for w, and / <1/6 = 1/ft— x (say). It becomes 
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(l/Z?+a;)V ==: When u is small this is 4*. That is 

the orbits near the cuspidal ones have points of inflection, and they will 
exist BO long as 

Effect of Inertia of the Nudexis , — In the foregoing the nucleus has been 
treated as fixed. This will introduce no appreciable error in the case where 
the revolving particle is an electron. The error, however, may be con- 
siderable for « revolving particles, even when the mass of the nucleus 
itself is largo, and the theory is inapplicable as it stands to systems com- 
parable with H or He atoms. Throughout the assumption is made that the 
velocities are small compared with that of light, and that energy losses 
due to accelerations are negligible. Under these circumstances the electric 
forces on the nucleus and its satellite are equal and opposite, and so far 
as they are concerned the common centre of gravity may be regarded as 
fixed. The case of the magnetic forces, however, is not so clear. That 
there is a resultant reaction equal to the magnetic force on the moving 
particle we naturally assume with Newton’s third law ; but it does not follow 
that this reaction is concentrated on the magneton, and that there is nothing 
on the medium itself or its boundary. The following considerations, however, 
show that for the problem under consideration, the reaction on the nucleus is 
equal and opposite to that on the moving particle — viz. : along the 

normal The moving particle produces a magnetic field in circles round its 
direction of motion. Let H denote this force at 0 and let ON be the perpen- 
dicular from 0 on tlm line of motion. Then (decomposing M into its 
elements m, — ??i, at distance 1) it is easy to show that the force on the 
magneton is along ON and is MH/ON. But if v^l(? is negligible 
II = crON/r^. Hence the force is Mevfr^ the same in magnitude as that 
on the moving particle. To this extent, therefore, we may be justified in 
regarding the centre of gravity as fixed. We make also another supposition 
that the motion of the magneton does not affect its properties. 

If r denote the distance of the moving particle from the centre of gravity, 
the distance from the nucleus is (l>hw/m')r = fcr(Bay). The forces along the 
normal are, therefore, Mmfevjkh^^ due to the magneton, and due 

to the component of the electric force. Also the energy equation gives 

or as 

The theory is therefore precisely similar to that developed above, in which 
< 1 * is replaced by a* fi? and h by Ifi?. 
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Cirmimstancm of Frojection , — Tiiese give the velocity of projection, the 
distance from the nucleus, and the angle the direction of pj’ojection makes 
with this. The velocity gives, with distance, the energy of the system. 
From this and h can be calculated. 

If be the inverse distance, p the perpendicular, and <)!» the direction of 
motion, pu' = oos^. The corresponding value of p' is then found from 
equation (1), viz, : — 

p' zrz ahif -f cos 6, 

The actual orbit is then determined by the methods already developed. 

Numerical VahwH , — Let K denote the total energy of the system, ir. the 
kinetic energy when the potential is zero, or in case of energy less than from 
infinity, the potential energy when the kinetic is zero. The quantities now 
determining the orbits are the two: — 

~ E • 

We shall regard M as consisting of a whole number N of magnetons and 
take 

M = 1-()X]0-*‘N. 
c = 1-55 X 10->t 
ec = 4-65 X 10 
rn for H = 1‘6 x 10“*^ 
m for electron = 0 84 x 10”“*^. 

Energy of «-partiolc moving with velocity of light = 2'88 x 10~®. 

Energy of mass of electron moving with velocity of light = 3’78 x 10“’. 

Further it will be convenient to measure 'E above, as a fraction x of these 
quantities, so that 

For «-particle E = 2-88 x lO''’.^-. 

For electron E = 3-78x10“’ r. 

With these values we get — 

(i) For ^-particles — 

a» a 1-29N«'«-»10“»*. a = l-13N»«'fe“U0“M 

b a 7-60«»'a!- »10“”. 

a?/b a l-72Nrr’a,4lO-“. b/a = 6-63N“W»a;“tlO“» 

The volume a*/b is independent of the energy. It corresponds to that of 
a sphere of radius 3-75 (N*)!'/™)*!©"’*. 
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(ii) For electron — 

a"* = O-GSNw'A-nO-'**, a = 0‘99NMa:-U0“^^ 

h = 5-12nn\rrm^^^ 

a^h = h/a == 0*577 

whilnt the radius of the sphere corresponding to a*/b is 7‘43(NV/n)ilO“^*. 

In order that combined atoms consisting of one a-particle(?^' = 2)may exist, 
h/a <0*697 — whence 

0 0032 0iVN)», 

corresponding to a velocity when free >0*056 J 

the sizes of possible orbits are of the order of a^Jb > (N^/?i)il0”'^^. 

The cusped orbit for the limiting ease above— ir. the nearest in — is 
^=0*47 U0‘*^^ We should expect the velocity of the a-ray, when 

expelled, to be about (??^/N)^/20 of light. That of Ra is about one-twentieth. 
All that can be expected from the present theory is information as to the 
order of effects — tlealing as it does with one revolving particle only. It is 
interesting, therefore, to find that the orbits which correspond to radioactive 
instability (asymptotic circles) give values of velocity of emission comparable 
with those observed. 

In case of revolving electrons there are two types. First, that in which 
the energy is less than that from infinity, in which, therefore, a combined 
atom may be regarded as of a more permanent type, secondly, that in which 
the atom retains in combination the electron, oven though the energy be 
greater than that from infinity — the /S-mdiation analogue. The condition for 
the latter type is 6/a>6*030. This gives 

a? < 0*0557 (nVN)h 
Free velocity < 0^236 (n*/N)^r, 
aV^<4*06(NVff,)il0'^^», 

5>l*0(NVtO*10''b 

[Note, March 20. — By a reference given by Dr. Allen my attention lias 
been drawn to the fact that the problem of the motion of an electron round 
a magneton and electric charge has already been considered in its most 
general aspect by Stormer. I have not been able to see the original paper 
of the latter {* Christiania ForhandL,' 1907), but he has given a r4mm4 of his 
results in the ‘ Comptes Bendus * (see especially vol. 156 (1913), pp. 450, 
536). The generality of his method, however, would not appear to be 
susceptible of easily giving a detailed discussion of the orbits themselves 
and does not cover the ground of the present paper.] 
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The Elastic Pro'perties of Steel at Moderately High Temperatures, 

By F. PI Eowktt, B.A. (Whitworth Scholar), Kesearch Student in the 
University of Cambrhige. 

(Communicated by Prof. B. Hopkinson, P'.R.S. Received P'ebruary 6, 1915.) 

In a recent paper the^ author gave the results of measurenieuts of the 
elastic hysteresis of steel tubes, when subjected to torsional stress, witliin 
what is ordinarily regarded as the elastic limit. Those measurements were 
made at ordinary room temp<>rature, and the chief points established by them 
were, that the hysteresis of the hard-drawn tubes is much less than that for 
the same tubes after annealing, and that in the latter case, the loss of energy 
in the cycle of stress is independent of the speed of performance of the cycle, 
or, in other words, time is not a hictor in the stress-strain lolation. 

The present research is the outcome of a suggestion by Prof. B. Hopkinson, 
that at a suitable temperature the hard-drawn tube, which contains a good 
deal of amorphous material, would begin* to l)ohave like a viscous fluid, that 
is, it would flow more or less freely when under stress, whereas at the same 
temperature, the annealed tube, being crystalline, though it might take a 
permanent set, could not flow, or would flow in a much less degree corre- 
sponding to the small amount of amorphous material in it. 

These predictions have been verified. At a temperature about 300® 0., the 
hard unannealed tube began to show properties similar to those of pitch at 
ordinary temperatures, or of glass at a temperature rather below the softening 
point. It is still highly elastic under rapidly varying stress, but flows 
perceptibly when the stress is applied for a long time. The energy dissipated 
in a cycle of stress now depends on the speed of the cycle. If the cycle is 
performed in 5 seconds the area of the closed stress-strain loop is not much 
greater than at ordinary temperatures, and is less than that given by an 
annealed tube. But if the cycle takes a quarter of an hour, the dissipation is 
increased four-fold. On the other hand, in the annealed tube at 300° C. the 
energy lost per cycle of stress is still almost independent of the time. 

At a higher temperature, for example at 540° C., the hard-drawn tube flows 
rapidly and continues to flow for a long period, though at a diminishing rate, 
under a shear stress of less than 1 ton per square inch. Moreover, again like 
pitch or gloss, the steel at this temperature shows considerable elastic after- 
working. If the stress be suddenly removed the immediate elastic recovery 
is followed by a slow backward flow which persists for many minutes. Some 
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flow and elastic afterworking were also observed in the annealed tube at this 
temperature, but both were much less than in the hard tube.* 

Apparatm, 

The apparatus was an improved form of the static apparatus described in 
* Roy, Soc. Pro<i./ A, voL 89, p. 537, and the method of obtaining the area and 
Bha]xs of the hysteresis loop has been explained there. 

The experimental tube was rigidly fixed at one end to a much longer and 
stronger hard tube. The stiff tube was rigidly fixed at one end, and the 
torque was transmitted to it through the experimental tube, the twist in the 
stiff tube providing a means of measuring the torque. 

Fig. 1 gives a general view and details of the apparatus. The compound 
tube GH was rigidly fixed at G, and the end H securely fixed to lever L, 
wliich worked between adjustable stops Band F. By movement of this lever 
any desired stress could be applied. 

Sensitive micrometer levels were fixed to the tubes iti the positions 
A, B, 0, 1), and at Mi and M 2 small concave mirrors were arranged in con- 
junction with lamp and scales Si and The weights W exactly balance 
the weight of lever L The mirrots in conjunction with scales supply the 
means of measuring extreme ranges of strain and thus of stress. 

The tube was heated by passing an alternating electric current through the 
tube itself, and the temperature of the tube was ascertained by three thermo- 
couples in conjunction with galvanometer J and scale. The current was led 
into and from tlie tube by means of small arms dipping into mercury baths, 
a mode of connection which did not exert appreciable force on the tubes. 

It was found by experiment that by taking a tube sufficiently long, a fairly 
uniform temperature could be maintained along the central portion of the 
experimental tube. Three thermo-couples were brazed to the tube at points 
0 inches apart, and these showed a variation of 3® or C. at 500® C., the ends 
being below the centre in temperature. The mirrors were set 8 inches apart, 
so that, for the length under observation, the temperature has been taken as 
that given by the central thermo-couple. 

The thermo-couples were calibrated by observing the melting points of 
pure metals, and temperatures given may be taken as true to within 2® C. 

The heating current was taken from a transfomei, the secondary circuit 
consisting of four coils arranged in parallel, each sending its current through 
the tube. The temperature was readily regulated by external resistances in 

^ Hopkiusou and Rogers found conaiderable eketic aftorworking in steel at 600* C. 
and upwards after applying and removing a load of tons per square inch (* Roy. Soc. 
Fxoc.,* A, vol. 76, p. 419 (1905) ). 
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the primary circuit, a resistance slide giving a delicate means of adjusting the 
current to give any desired temperature. 

An electromotive force ranging from 20 to 200 volts by steps of 20 volts 



could be applied to the primary circuit, which together with adjustable 
resmtanoes above mentioned allowed any temperature between that of the - 
room and 600® 0. being maintained for any i)eriod of time. 
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To obtain a uniform temj^erature along the tube all the heat was allowed 
to radiate freely to the atmosphere, no lagging being used. The mirrors were 
protected from radiation by reflectors, and heat was prevented from conduc- 
tion to them by supporting them at the ends of glass tubing as shown in fig, 1. 

The steel tubes had the following chemical composition : — Carbon 
017 per cent. ; manganese, 0'24 per cent. ; sulphur, 0*02 percent,; phosphorus 
a trace, the remainder being iron. 

The tubes as supplied by the makers were hard as the result of the 
drawing. The elastic limit in torsion in this state was 13*8 tons per square 
inch shear stress in either direction, giving an elastic range of 27*6 tons per 
square inch. 

By annealing at 800® 0. for 15 minutes and cooling in an electric furnace, 
the eifect of the drawing was removed. The tubes were then quite soft and 
ductile and had a well marked yield point in torsion of 5*58 tons per square 
inch shear stress, giving an elastic range of 11*16 tons per square inch. 

HystercHlit Ei^pcrinients, 

A hard-drawn tulte was introduced into the apparatus and subjected to a 
stress range of 8*32 tons per squai'e inch (±4*16 tons per square inch) ; 200 
cycles between these limits were performed to bring the tube into a cyclic 
state, and the stress was reduced approximately to zero by bringing the lever 
L into the central position. The micrometers were then adjusted to make 
the levels A and B both read zero. The load was then applied and removed, 
thus completing another half-cycle of stress, and the stress again adjusted by 
movement of lever L until the levels A and B again read zero. The effect of 
this procedure is to bring the stress in the thin tube to exactly the same small 
value that it had before the half-cycle was performed, but this condition has 
been approached from the oi)poHite direction and the strain is slightly diflbrent 
by i^eason of the elastic hysteresis. This change of strain is shown by a small 
diffonmee in the movements of the levels C and D which have occurred as the 
consequence of the halt-cycle of stress. The following results were obtained 
for the above stress range : — Movement of C 0*3, movement of 1) 2*1, and the 
difference, 1*8, is a measure of the elastic hysteresis. 

The tube was then heated to 100® C. and 100 cycles were performed at this 
temperature. The result was: — Movement of C 0*3, movement of D 2*2, and 
the difference, 1*9, is greater than before by a small but unmistakable amount. 
The above cycles were performed at the rate of 6 seconds per cycle* 

A slow cycle was next performed lasting in all 2 hours, the temperature of 
the tube being nmintained at 100® C. The hysteresis was found to be exactly 
the same as in the quick cycle, namely, 1*9, The experiment showed that the 
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hysteresis increased slightly with temperature up to 100° C., but was still 
independeut of the time. At temperatures in the neighbourhood of 200“ the 
hysteresis was greater when the cycle was performed slowly, the material 
allowing some signs of flow. 

Table I gives the results obtained with stress range throughout of 
11*60 tons per square inch (±5*8 tons), this stress being well within the 
elastic limit as ordinarily measured. 


Table I (Stress Range, 11*60 tons per square inch). 
Hard-drawn Tube. 



Thermo •couple temperatures 

.. . 

Movements of 
levels. 

Difference 
~ hysteresis. 


1. 

2. 

3. 


D. 

Value cold..., 

19 

19 

19 

0 *8 

3 3 

2*0 

Cycle performed in 6 secs. 

194 

106 

196 

0*8 

4*16 

3*35 

„ „ 16 mina. 

195 

199 

198 

0*9 

4*70 

3*8 

Cycle performed in 6 seoa. 

227 

230 

225 

1 *0 

4 ‘6 

8*8 

„ „ 16 mina. | 

227 

229 

225 

1*1 

6-7 

6*6 

Cycle performed in 6 eeos. 

290 

294 

289 

1*1 

6-0 

4*9 

„ „ 16 mina. 

290 

204 

291 

2 0 

28 •7* 

21 *7 

Value cold after above 

19 

1 

19 

19 

0*8 

3-8 

2*6 


• Equivalent in level motion. Mioroinoter liead u»od for measurement. 


The above Table shows that, at temperatures above 200® C., time is an 
element in the stress-strain relation. It also shows that the tube was not 
changed in structure appreciably by being so treated, since, when allowed to 
cool, the liysteresis returned to its normal value. In the paper previously 
referred to it was pointed out that the hysteresis of a hard-drawn tube was 
increased about eight-fold by annealing at 800° C. and cooling in the furnace. 


Flow Experiments, 

At temperatures above 300° C. the flow became too great for measurement 
by the spirit levels and the strain was read direct by means of the mirrors. 
The levels B and C were used for measuring stress, level B being adjusted to 
read ssero when the tube was subjected to a definite stress, and level C being 
placed on the large tube near level B and adjusted to read zero when the 
tubes were free from stress. In making an experiment the large tube 
was first released from stress by releasing the fixed end. Level C 
was then adjusted to read zero, and the large tube fastened down at the 
fixed end. A stress was then applied and its amount calculated from 
movements of mirrors. Level B was adjusted to read zero with the stress 
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applied. To keep the tube while flowing at a constant stress it was only 
necessary to adjust lever L so os to keep level B at zero. The tube could be 
freed from stress by adjusting lever until level C read zero. 

Throughout the tests described telow the t\ibe was subjected to a constant 
shear stress of 0*79 ton per square inch. The application of the stress and 
its adjustment to the desired value took about half a minute, and a similar 
time was occupied in removing the stress and adjusting it to zero. 


Test I. — Tube Unannealed (Stress = 0*79 ton per square inch). 





Scale readings. 


Time from 


StrCBB. 

Temperature. 



Difference 

start. 


M,. 

Ms. 

strain. 


J 

mitiB. 






0 

1 

Stress being 


840 

320 


4 

J 

1 

applied 

• on 


299*6 

268 *25 

11 •36 

20 

J 

1 

Stress being 

88r 0. 

297 ‘6 

1 

266 *25 

12 *26 

20i 


removed 


339 

316 

1*0 


-Stress off 





i 25 

J 



389 

818 '26 

0*75 


At this temperature the strain which develops in 20 minutes after the 
application of the stress is about one-tenth of the initial elastic strain, and 
about one-quarter of this flow is recovered after removing the stress, leaving 
three-quarters as permanent set. 


Time tvom 


imn§, 

0 


4 

6 

8 

10 

15 

20 

201 

21 

22 

24 


BtresB. 


TempeMturo. 


Test II. 


M, 


Scale readingB. . 

i H,. 


Difference 

Btraiu. 


1 

.J 

' Stress being applied 


842 

297 *6 

821 

264*6 




296*6 

263 




296 ‘7 

261 ‘8 


^ Stresa on 


295 

294*6 

260-7 

260 




294 

259-8 




293 

257 *7 

i 

1 

- Stress being removed 


292 

256 

J 


836 *6 

812 *5 

1 

1 

► Stress off 

1 

887 *1 

887 *6 

818*6 

814 -8 

J 


I 

1 

887*8 

814 9 


12*0 
32 6 
12 *9 

18 n 
18 *6 
18 *7 
14*8 
15*0 

8*0 

2*5 

2*2 

1*9 
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Time from 
start*. 


Stress, 

Temperature. 

S 

M, 

i 





Differenoe ' 
« straiu, | 


Test III 


mins. 

0 

h 

1 

2 

3 

4 

5 

6 

7 

8 
10 
12 
14 
16 
18 
20 

20i 

21 


I Stress being applied 

1 


f- Stress on 


Streei being removed 


22 

28 

24 

26 


^Strose off 


w 


0 


i 

1 

2 

8 

4 

6 

6 

7 

8 

10 

12 

14 

16 

18 

20 


20i 

21 

22 

28 

24 

26 

28 


I* Stress being applied 


> Stress on 


1“*'“ 

^Stress off 


442° C. 


Tost IV. 


492° 0. 


887 

I 316 '6 


291 -8 

266 '6 

18 -3 

290-6 

263 8 

16 *2 

289 *8 

260 -6 

17 *3 

1 268-2 

i 248 -8 

38*4 

j 887 *2 

1 246 -6 

39-2 

1 286-8 

1 244 -9 

19-9 

i 286 '6 

! 243*6 

20 -4 

1 284 ‘8 

i 242 *6 

20*8 

284 2 

i 241 -6 

21 *2 

288 

[ 289-6 

21-9 

282 

1 288 

22 -6 

281 

286 *6 

22*9 

^ 280-1 

285 -4 

28 -2 

t 279 2 

284 -2 

23 -6 

I 278 -6 

288 

24 

324 -2 

292 

10 -7 

826 

298 '2 

10 -8 

! 828 ‘6 

295 *5 

9-6 

1 827 '5 

297 

9*0 

1 828 

297 -7 

8*8 

1 328 -2 

298 -0 

8-7 

829 -6 ! 

298-6 

1 

276 ‘5 

227 -6 

17 ! 

271 '0 

220 

20-5 i 

264 

209-6 

23-5 

269 -6 

202-26 

26 *26 ! 

236 

197 

28 I 

268 

392-6 

29-6 

261 

189 

81 -0 I 

249 

186 

82-0 1 

247 

188 

88-0 1 

244 

178 

86-0 I 

241 

m *6 

86-6 1 

238 -6 

170 

87-6 

236 

166 

89 > 

284 

162*6 

40-5 ' 

232 

159 

42 

286 

280 

26 ; 

290-5 

287 

22 -6 

298 -5 

241 -6 

21 

295 -6 

244 -6 

20 1 

297 

247 

19 i 

298 

248-5 

18-6 

298-6 

249 -76 

17-76 ; 
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Time from 
start. 




Seale readings. 

S trees . 

Temperature, 



1 

M,. 





Tost V. 

848 *6 

880 

V Stress being ttpj)liod 




J 


282 

289 


279 

227-6 



274 *6 

210 



271 

308 



268 

201 



266 

196 

’ Stress on 


268 

191 



259 

; 183 


542° 0. 

266 ‘6 

263 -6 

176 

170 *6 

I 


261 *6 

106 1 

1 ) 


1 249 

162 ; 

1 ! 
j- Stress being removed j 


246 

165 


302 

283 

1 


306 

288 *6 

I 1 

^Stress off I 

1 


809 

310*5 

248 

246 ‘6 

! 


1 811*26 

248 

J i 

1 

1 


812 *0 

249*5 


IXfferenoe 

strain. 


24 *5 
83 *0 
40*0 
*3 

48* 
60* 

68 ‘ 
67* 
61* 
64* 
67*0 
68 *6 
71 *6 

60*6 
49 
47 
46*6 
•44*76 
44 *0 


Test VL — The tube after Test V was lowered in temperature to 491° C., 
that is to approximately the temperature of Test IV, and records were taken 
of the flow under the same stresa. 

The following Table shows the results, and (in the last column) the amount 


Test VI. 






*"^1 

Scale readings. 

V — 


Time from 


Stress. 

Tempera* 

ture. 



Pifferenoe 

From 

start. 


Ml. 

M.,. 

« strain. 

TeetIV. 

' 


mins. 








0 


° Being applied 


36*0 

-38*6 

25*6 


16*9 

h 

s 


84-0 

16*5 

1 

1 


88 

8L*2 

18 *2 

20*8 

2 




90 

35 *2 

20*2 

28 *3 

4 




98 

41 1 

28 

27*7 

6 

8 


^8tre«s on 

491** C. 

94 

96*2 

48 1 

47*6 

24 

26*4 

28*2 

82*6 

11 




98*6 

61 *7 

28*2 

84*8 

18 



1 

ZOO 

64*6 

29*6 

88*6 

16 



j 

lOX-8 

67 *6 

80*7 

37*8 

20 

.... 


i 

106*6 

1 

68*6 

! 

88 *0 

41 *5 




Strain. 
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of flow observed at corresponding times in Test I V when the temperature was 
the same, correction being made for the 1° 0. difference in temperature. 


The difference is probably due to the annealing effect of Test V (during 
which the tube was kept at 542° C. for half-an-hour), which would make the 
metal more crystalline and less liable to flow. 



Time In Minutes. 


2 A 


VOt. XOt— A. 
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Test VI L — An experiment was performed at 600® 0. upon the same tube 
as Test VI and the following values were obtained : — 


Test VII. 


Time from start. 

Stress. 

Strain. 

Temperature. 

mins. 





4 

1 


BS 


6 

10 

15 ! 

20 


^Stress on 0*79 ton 
per square iucli 

62 

784 

91 

98 

600° C. 

20 ^ 1 

1 


80i 


25 1 

i 

1 

^ Stress off 

784 


*" i 

J 


72 



Experiments with Annealed Tube, 

The tube was annealed by heating it to 800® C. in an electric furnace foi 
15 minutes and allowing it to cool in the furnace. The stress for annealed 
tubes was the same as that for unannoaled tubes, namely 0*79 ton per square 
inch. 


Time from 
Btart. 



“1 

! 

Seale readings. 

Stress. 

Temperature. ^ — 




j 

1 

M,. 

M,. 


Difference 
w strain. 


mins. 

0 

i 

10 

20 

20i 

26 


0 

* 

4 

10 

20 

20 ^ 

25 


^ Being applied 
j- Strese on 
I* Being removed 
I Stress off 


j- Being applied 
j- Stress on 
I Being removed 
J- Stress off 


Test I. 



17 -6 

--21'5 



64 -5 

27 

. 11 *6 


66 

28 1 

12*0 

401° 0. 

66-6 

28*8 

12*8 


18 *6 

-19 *7 

0*8 


18 *4 

-19*9 

0*7 

Test II. 




18 '0 

-20*6 


1 

66*6 

80*4 

12 ‘4 

• 

69*0 

34 

18*6 

451' C. 

61*1 

87 *8 

14 -7 


22*6 

-18 *6 

2*8 


22*6 

-18*9 

2*1 
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Tmt from 
start 


Temporataro. 


Scale readings. 


!> Being applied 


Stress on 


V Stress being re< 
I moved 


Test III. 


Being applied 


18*6 

59 '5 

V Stress on 


ea ’8 

J 

j> Being removed , 

499“ C. 

! 

66 *6 

24 '5 

1 Stress off 



J 1 


23 '9 


Test 

IV. 


Difference 


I Stress off 


M.. ■ 

strai 

-31 


33 ‘5 

13*5 

39 ‘8 

16 -0 

43 '9 

17-9 

—10*1 

4*9 

-U-2 

4*4 

-5-7 


60 ’6 

16*2 

64 ’5 

17*2 

69 ’3 

19 *5 

62 ‘6 

21 1 

64-2 

21 *8 

67 7 

28 *3 

70 ’6 

24*5 

16*6 

10 *6 

11*0 

8 7 

8*6 

7*9 


CURVE n. 

ANNEALED TUBES 
Stress ’79 tons per sq.in. 


i.Temp, 40rc 


Time In Mlruites. 







Strain. 


SOS Elastic PropeHies of 8ted at Moderately High Temperatures. 


In the following Table the flow and recovery of the annealed (S) and 
unannealed tubes (H) at the saihe temperature are compared. The fltgures 
are corrected by interpolation from the results given in the above Tables to 


reduce them to the same temperatures. 



TJnannealed tube (H). 

Annealod tube (S). 

Temperature 

Probable elastic strain** 

Strain after i minute 

Flosr in 20 minutes 

Recovery in 4k minutes 

Stress ' 

SOO'^C. 

18 *8 

19*7 

88-4 

0 *79 ton per s<tuare inch 

600^0. 

18 -8 

18 *8 

4*7 

1 0*5fi 

0 '79 ton per square inch 


* The elaHtio strain is that eorresponding to an instantaneous application and removal of the 
load, and is calculated on the assumption that the elastic modulus falls 5 per cent, per 100^ 0. 
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The above work was carried out in the Engiueering Laboratories of 
CSambridge University, and I wish to express my sinoei'e thanks to' 
Pro! B. Hopkinson for his many suggestions and inspiring interest 


A Chemically Active Modification of Nitrogen, produced hy the 
Electric Discharge, — VL* 

By the Hon. R J. SxnUTT, Sc.D., F.R.S., Professor of Physics, Imperial 

College, South Kensington. 

(Received March 9, lOlii.) 

§ 1 . Effect of Catalysts in Proniothvg the FonncUion^ of Actii>e Nitrogen, 

Tbeie has been considerable controversy on the question of whether or not 
pure nitrogen would give the afterglow, which, as I have shown in the 
previous papers of this series, is associated with the presence of chemically 
active nitrogen. 

E. P. Lewisf was disposed to think that the presence of oxygen or nitric 
oxide was essential, but in a much later paper,J though still inclined to the 
same opinion, he states that the afterglow continually increased in intensity 
as the proportion of oxygen was reduced. 

Warburg, in some experiments on the “luminous electric wind” in 
nitrogen at atmospheric pressure, § found that the intensity of the effect was 
much diminished by prolonged heating with sodium at 300® C., though he 
expressly states that he was unable to get rid of it altogether. It is not 
clear that the “ luminous electric wind ” (which was not bright enough for 
adequate spectrosoopio examination) is the same phenomenon as the active 
nitrogen glow obtained at low pressures. Experiments made later in 
Warburg's laboratory by von Mosengeilll on the active nitrogen glow at low 
pressure led to the conclusion that it was not diminished by heating the gas 
with sodium in a dosed discharge vessel 

1** I, *Koy. Soc. Froc./ A, vol. 85, p. 219 ; II, *Roy. Soc. Pi'oc.,^ A, vol 86, p. 66; 
III, * Boy. Soc. Proc.,' A, vol 86, p. 262 ; 1*V, ‘ Boy. Soc. Pi'oe.,* A, vol. 87, p. 179 ; 
V, ‘ Boy. Soc. Froc./ A, vol. 66, p. 689. 

- + ‘Astrophys. Jotun.,’ vol 12, p.8 (1900) ; * Ann. der Pbyfi.,Wol 2, p. 249 (1900) ; and 
also * Astrophys. Joum.,’ Vol. 20, p. 49 (1904). 

t ‘Phil Mag.,^ June, 1918, p. 826. 

g *:A»n. der Fhys/ [4], vol 10, p. 180 (1903). 

tl ‘ Am der Pliya’ [4], vol 20, p 838 (1906), 
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In iny own earlier experiments in which the presence of chemically active 
' nitrogen was first demonstrated * I employed various methods of preparing 
nitrogen, but obtained no indication that anything else than nitrogen was 
essential 

F. Gomtef found that after very prolonged passage of nitrogen over 
hot copper a gas could be obtained which did not give the glow, and he was 
able to restore the glow by admission of minute quantities of oxygen. 

Attempts were made by Koenig and ElodJ and by myself§ to repeat 
Gomtes result, but without success. I had, indeed, frequently used hot 
copper purification before that time, and obtained the glow as usual 

III the note oited I described a technique of purifying nitrogen for this 
work by prolonged contact with cold phosphorus. It was made practically 
certain that such nitrogen could not contain one part of oxygen in 100,000, 
for admission of oxygen to that extent distinctly restored the luminosity and 
cloud fonnation which attend oxidation of moist phosphorus. 

Shortly after Comte’s publication E. Tiedell published some experiments 
which he regarded as confirming Comte's conclusion. Passing over these, 
which were not very strongly emphasised, we come to a publication of 
Tiede and DomckolT describing the preparation of nitrogen from barium or 
potassium axide. They found that nitrogen thus prepared gave no glow, 
but that the glow could be restored by admission of a trace of oxygen. 

This experiment was repeated by Koenig and Elcid** and by myself, in 
collaboration with Prof, H. B. Baker.ft case the opposite 

conclusion to that of Tiede and Domcke was recorded. Prof. Baker and 
I also introduced the liquid alloy of sodium and potassium into a sealed 
vacuum discharge vessel containing rarefied nitrogen. The glow remained 
very bright even on prolonged standing. Tiede and Doincke in a third 
paperJJ returned to the use of hot copper. Bomb nitrogen was passed over 
copper heated to about 400° C., and the glow was almost completely got rid 
of. At high temperatures it returned, a result attributed to dissociation of 
any copper oxide that might be formed. No drying agents or other 
absorbents were used, 

I, of thia rel ies. 

f < Phys. Zeits./ vol 14, p. 74 (1913). 

I ‘ Phys. Zeite.,’ toL 14, p. 165 (1913). .. 

§ ‘ Phya, Zsits./ vol. 14, p. 216 (1913). 

II ^ Borichte,* voL 46, p. 340 (1913). 

IT ‘ Berichte,* vol. 46, p 4065 (1913). 

^ ‘ Bortohte/ vol 47, p. 523 (1914). 

tt ‘Berichte,’ vol 47, p. 801 (1914). 

U ' Beriohte,' vol 47, p, 420 (1914). 
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Prof. Baker and I were unable to repeat this result.^ The glow occurred 
aduiirably with the copper at any temperature up to a red heat 

Finally, J. de Kolowski, working with the electrodeleas discharge, obtained 
the glow as usual with nitrogen which had been purified from oxygen 
by means of potassiuxu.t 

Tiede and Domcke argued from their experiments that there was no such 
thing as active nitrogen. The palpiible weakness of this reasoning, $ com- 
bined with the failure of Prof. Baker and myself to confirm either of the 
experiments which were described as so easy and certain of repetition, 
obscured from us the real value of their work. This was not realised until 
Tiede and Domcke came to London with their apparatus and materials and 
repeated their azide experiment at the Imperial College. The glow was 
much reduced, tliough (at all events in all the experiments made on this 
occasion) it was still conspicuously visible ; when a trace of oxygen was 
admitted by heating a little silver oxide enclosed in the apparatus, the glow 
was restored. These results were obtained with a discharge tube like that 
illustrated in my first papor.§ Using a discharge tube like that shown in 
fig. 1, which has a large bulb in which the glowing gas accumulates, we did 



not succeed in diminishing the glow much, if at all. These experiments were 
described jointly by Baker, Tiede, myself and Domcke. || 

During this visit a further attempt was matle by Prof. Baker and myself, 

* *Berichte,^ vol 47, p. 1049 (1914). 

+ ‘ Comptes Eeuduft,’ vol. 158, p. 625, March 2, 1914. 

4 The glow atmociated with the presence of active nitrogen is not obtained from 
ordinary nitrogen unless a trace of oxygen is'preeent : thei^efore there is no such thing* 
as active nitrogen — such was their argument. To obtain a clear view of the value of 
this kind of reasoning, apply it to the following more familiar case. Fonnation of 
sodium chloride by the interaction of sodium and chlorine is not observed unless a trace 
of moisture is present : thei'efore there is no such thing as sodium chbride- 

§ I. F 

It ‘Nature,’ vol. 93, p. 478 (1914). 
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with the benefit of Buch suggestions as Tiede and Domcke could make, to 
repeat their experiment with copper moderately heated, but with the same 
ill success as before. Dr. Tiede, if I understood him rightly, regarded the 
failure as due to some difference of our copper or crude nitrogen from that 
used by him in Berlin; 1>ut exactly what difference he was unable to say. 
During a brief visit it was impossible to go into the matter further. 

After these joint experiments I felt that the position of the question was 
very unsatisfactory. For, though now oo^i^vinced that it was possible to 
prepare nitrogen which would give a much increased glow when oxj^en was 
added to it, my previous conviction was unshaken that the phosphorus* 
purified nitrogen above mentioned, which gives the nitrogen glow excellently, 
did not contain oxygen to the extent of 1 part in 100,000. 

It might, indeed, be possible to get out of the difficulty by assuming, with 
Tiede and Domcke, that almost incredibly minute quantities of oxygen were 
sufficient ; but I soon found experimentally that this was not the case. In 
taking up the matter again after Dr. Tiede's visit, 1 sought to avoid the use 
of azide, the preparation of which in any quantity is troublesome and 
unpleasant, and not altogether free from risk. It was found that a sample of 
nitrogen which did not give much glow could be prepared by prolonged 
treatment of the commercial bomb nitrogen with sodium or potassium at 
300° C. A flask A, fig. 2, of about 4 litres capacity, contained 10 or 20 o.c. of 



the liquid alloy of sodium and potassium.* The flask was in an .asbestos 
oven (shown by dotted lines), with an electric resistance heater on the bottom. 
The flask was supported about an inch above the heater, and the temperature 
just under it was somewhat over 300® C. The lid of the oven was thin, so 
that the top of the flask was by no means so hot as the bottom, where lay 
the pool of alloy B. Thus a good circulation of the gas over the surface of 

* This was inti^xiuctid hy naeans of a pipette, after the flask had been fiHed by 
displacement with bomb nitrogen. , 
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the alloy by convection curtents was assured. Some of the metal distilled 
on 'to the top of the flask, and also into the neck, which was necessarily kept 
cold, because of its greased stopcocks. A tin screen, D, in two semi-circular 
halves, carried on the neck, protected the latter from radiation. 

Bomb nitrogen was admitted to this flask at a reduced pressure, so that on 
heating the pressure did not rise above the atmospheric. The lieater was 
turned on after the gas had been admitted, and left on all night. In the 
morning the gas was allowed to cool, and was ready to be passed through the 
vacuum discharge tube E on its way to a Qaede pump. The regulating stop- 
cock F and the pressure gauge G enabled the pressure in E to be kept at a 
standard value of 6 mm., in spite of the gradual reduction of pressure in A 
during the experiment. Under these circumstances, the gas passing out 
through the pump measured 2600 litres per hour. A constant jar discharge 
was maintained between the platinum electrodes. The R.M.H. current 
measured on a Duddell thermo-ammeter was 7 milliampei*es. 

Under these conditions the nitrogen afterglow was not bright, and it 
seemed to get dimmer still after a charge of the alloy had been heated 
several times with successive fillings of nitrogen. The glow still remained 
visible bofli in the neck and in the body of the bulb J. But it was reduced 
as low, or lower, than in the most successful experiment which Tiede and 
Doincke had shown us. Although the glow was feeble, there was no indi- 
cation that what there was of it died out sooner than usual, as the stream of 
gas passed along the tubes leading to the pump. The proportion of oxygen 
necessary to get the optimum glow was investigated by means of the capillary 
inlet tube H,* by means of which air could be admitted. The capillary 
drew its supply from the outer tube K in which it was placed. K was 
connected with a large reservoir. The rate of intake could be adjusted by 
altering the air-pressure in this reservoir. Its exact value under given 
conditions was determined after the experiment by observing, with the 
manometer, the rate at which the pi'essure rose in the vacuum tube E, 
the volume of which was known.t 

The stopcock used to shut off the capillary inlet at pleasure is necessarily 
made of much wider bore tubing than the capillary itself. Thus there is a 
considerable dead space between the capillary and the stopcock. Without 

* The various oapillarioM u«ed were di’awn out in the blowpipe. After a little practice, 
capillaries ean be drawn giving approximately the rate of intake desired. A special 
apparatus was used for testing them rapidly. Freliniiuary inspection with a magnifier 
is useful. 

i Witli a capillary of non-uniform bore the intake of air into a \^cuum l>ears no 
simple relation to the feeding piesBure. Hence the necesBity for detemining it directly 
at each pressure. 
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special arrangemeuts this would lili up with air when the stopcock was 
shut, and the accumulation would suddenly pass in when it was opened 
again, thus disturbing comparative observations. The difficulty was avoided 
by using a two-way stopcock as shown at L. When the flow through the 
capillary was not directed into the appaVatus, the dea^l space was kept 
exhausted by a supplementary air pump, connected to the other branch of 
the two-way stopcock. When it wa8 desired to observe the effect of 
admitting air, the stopcock was quickly turned through 180®, and the normal 
rate of inflow was at once established.* 

A capillary was used which allowed 18 c.c. of air (inoasured at N.T.P.) to 
enter into a vacuum per hour from a reservoir at atmospheric pressure. 
This is equivalent to about 3’5 c.c. of oxygen per hour. By substituting 
pure oxygen for air, the rate of admission could be increased. By rarefying 
the air it could be diminished. In this way the following results were 
obtained ; — 


, 

Oxygen admi^tflion. 

Intensity of glow. 

c.c. per liour. 

0*0 

0*4 : 

1-0 
»-6 

18*0 ! 

i 

Faint. 

No percepUbio increase, 
l^istinot mcrease. 

Strong glow. 

No fmiher increase. 

1 


It appears, then, tliat an admission of 3*5 c,c. of oxygen per liour produced 
al>out the maximum effect. Since the nitrogen flow was 2600 c.c. per hour, 
this represents an oxygen concentration of about 1/760 of the whole. If the 
oxygen admission is increased much beyond the quantities given in the Table, 
it begins to have a prejudicial efifect. About 2 per cent, of it is enough to 
destroy the glow altogether.! 

It appears, then, that in mixtures of nitrogen with oxygen the optimum 
effect is gofc when the oxygen present is something rather over one pari> in a 
thousand. Yet it had been clearly shown that nitrogen purified from oxygen 
by prolonged standing over phosphorus could not contain oxygen to the 
extent of one part in a hundred thousand, and yet nitrogen thus purified 

* Au alt«rnativo method, useful when direct intake from the atmosphere k desired, k 
to close the capillary with an indiarubber pod, brought up fi^om below by a rock 
movemeut. In this case there is no dead space. When working with these very narrow 
capillaries it is necessary to be constantly alive to the possibility that they have bkjotue 
plugged by specks of dust, 
f BeeV,p.541. 
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gives the glow as well, or even better than nitrogen purified with hot 
sodium, to which the optininm percentage of oxygen lias been added* 

Minute admixtures other than oocyfjen are capahle of performing the same 
/mteiion, and can act as eatalysis for promoting the formation of active 
nitrogen by the discharge. 

This was established by means of the apparatus already described, other 
gases being introduced into the tube from which the capillary drew its 
supplies. In those experiments I did not attempt to determine the optimum 
percentage of each admixture. A capillary was used admitting 3*3 o.c, of 
air per hour. The rate of admission of other gases by this tube would l>e 
somewhat different, depending upon the viscosities, which, however, do 
not vary widely. Roughl}' speaking, this capillary admits al>out 1/1000 
part of foreign gas to the nitrogen stream under the standard conditions 
adopted. 

It is to be observed that the purity, or dryness, of the added gas is not of 
the first consequence, since the total admission is so small. Impurity in it, 
in fact, only enters into the second order of small quantities. Still, reasonable 
care was taken. 

Methane from aluminium carbide : strong restoraliun of glow. The quantity 
admitted was enough to slightly tinge the nitrogen afterglow with violet of 
the cyanogen spectrum, owing to reaction of methane with active nitrogen 
after the latter is formed. If the admission was stopped, tlie glow passed 
through a brilliant yellow stage of simple afterglow spectrum as the percentage 
of methane diminished, and then became very dim as the methane was 
eliminated. By experiments in which the feed of methane was at reduced 
pressure, it was found that 0*09 c.c. of methane per hour, 1/30,000 of the 
nitrogen flow, was enough to produce a perceptible effect. 

Ethylene from sulphuric acid and alcohol, and Acetylene from calcium 
carbide, gave the same results as methane. 

Carbon Monoxide from potassium ferrocyanide, washed with potash, strongly 
restored the glow, which was yellow, showing only a faint trace of cyanogen 
spectrum. 

Carbon Dioxide induced a strong and pure nitrogen afterglow. 

Sulphur Dioxide did the same, 

Hydrogen Sulphide induced a specially bright and pure yellow nitrogen 
afterglow. When the entrance of hydrogen sulphide was stopped, it was not 
found that the glow passed off at all quickly or easily. Indeed, to reduce it 
to the point reached before admission of hydrogen sulphide, the tube had 
to be dismounted and washed out with aqua regia. It seems that excep- 
tionally small traces of sulphur ate sufficient to induce formation of active 
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nitrogen. These traoee cling about the apparatus, probably in the eolid 
state, with great obstinacy. 

Chlorine, purified by fractional distillation of liquid chlorine, gave an absolutely 
definite though not' very strong I'estoratiou of the glow. This case is peculiar, 
in that the glow restored by chlorine is notably greener than that obtained in 
other cases. The spectrum is tlie same as usual, but the yellow band is leas 
intense relative to the green one. It is intended to study the question 
i'urther, but it woul<l seem as if chlorine atoms must remain in some kind of 
association with the atoms of active nitrogen, damping the vibrations which 
give rise to the yellow band. It takes time to get rid of this green The 
chlorine seems to hang about the apparatus persistently. 

Hydrogen was prepared from pure zinc and sulphuric acid, and freed froixi 
condensable impurities such as arsine, by passing through a tube packed with 
copper gauze and maintained at —180° C. in liquid air. It was thought that 
a definite effect was produced in increasing the glow, but it was slight and 
difficult to observe, being much less in amount than in any of the previous 
cases. 

Argon and Helium, each carefully purified, gave no observable effect. 

The method of regulated admission by a capillary tube, so far used, is not 
easily applicable, except to permanent gases. 

In addition, I have tried water vapour and mercury vajjour, but the exact 
rate of admission was not measured in these coses. 

A drop of Mercury was placed in a side tulxe, so that by warming it could 
be made to give off vapour which mingled with the nitrogen stream. 
Marked restoration of the glow was observed, though it was less brilliant 
than that observed with the best catalysts. The glow was tinged with 
green from the green mercury line, but, apart from this, there was marked 
brightening of the true nitrogen afterglow bands. The glass all round the 
mercury was carefully heated, so as to get rid of all adherent carbon 
dioxide or water vapour, and the effect of warming the mercury was 
repeatedly ol>served. There is no doubt of the fact that the restoration is 
really due to mercury. 

A drop of Water in a side tube wosfrosenin liquid air. As its temperature 
was allowed to rise very strong restoration of the glow was observed. The 
quantity of vapour soon became excessive and the glow diminished again, 
until it was destroyed altogether. 

The relative efficiency of the various admixtures in inducing the nitrogen 
glow cannot be very satisfactorily compared, since no attempt was made to 
adjust each to its exact optimum amount, nor were any photometm 
measurements made. However, the following roughly approximate list 
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represents my general impressions. The most effective substances are placed 
first 


Hydrogen sulphide. 

Oxygen, 

Water. 

Mercury. 

Carbon dioxide. 

Chlorine, 

Carbon monoxide. 

Hydrogen. 

Acetylene. 

r Argon. 

Ethylene. 

^ Helium, 

Methane. 

LNitrogen. 


It is then established that to obtain active nitrogen at all abundantly, it 
is necessary that a quantity of some foreign gas should be present to the 
extent of something like 1/1000 part. This gas may be oxygen, or some 
compound of oxygen, but it may as well, or better, be sulphuretted hydrogen. 
Thus it is perfectly clear that, whatever the function of the admixture may 
be, oxidation of nitrogen has nothing to do with it. 

In the controversy which has been reviewed it was maintained, on the 
one side, that pure nitrogen would give the full effect, and, on the other, 
that the presence of oxygen was essential. It is now seen that, as in so many 
previous scientific controversies, neither side was entirely right. Almost any 
contamination, with the exception of argon and helium, increases the yield 
of active nitrogen, as .judged by the intensity of the nitrogen afterglow. 

To exactly explain why each of the numerous experimenters quoted got 
the result he did would be too ambitious an attempt. At the best there 
would be a large element of conjecture in it which could not be checked 
experimentally. But a few suggestions may be offered. Methods of purifica- 
tion, designed chiefly to remove oxygen, may result in the unintentional 
introduction of other substances which have the same effect in producing the 
glow that the oxygen itself had. Carbonaceous iQipuritiea are, perhaps, the 
most likely to be concerned ; indeed I have fi^uently observed, particularly 
at high pressure, a trace of violet cyanogen in the nitrogen afterglow, when 
there was no other special reason to suspect the presence of carbon. Unless 
my niemory deceives me, this was observed in those experiments with azide 
nitrogen in a large globular discharge- vessel, made on the occasion of Tiede 
and Bomoke’s visit. Yisible cyanogen spectrum implies the presence of more 
than enough hydrocarbon to act as a catalyst and induce the glow. The 
gream of stopcocks may, sometimes act as a souroe of carbon, particularly 
Wlfon stray eleotrio disohaigeS come in contact with it 

In experiments where oxygen is removed with hot copper, I suspeot that 
oarim dioxide is very apt to remain in. the gaa. Thus, in one attempt to 
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repeat Tiede and Domcke’s experiment with copper at 400® 0,, the copper 
gauze employed had originally contained a great deal of paraffin oil used 
as a lubricant in the wire-drawing process. This was removed, as far as 
possible, by heating and oxidising the coi)per, which was afterwards reduced 
by plunging it in methyl alcohol and drying it in warm air. It would 
require special tests directed to that end to make absolutely sure that no 
carbonaceous matter remained after this treatment. If there was a trace, it 
would be oxidised by traces of oxygen in the nitrogen used, thus introducing 
carbon dioxide. 

The gas which had stood over mpist phosphorus also contained carbon 
dioxide, as was proved by bubbling it through baryta water. The amount of 
precipitate was decidedly more than the same volume of air gave under 
similar conditions, and thus indicates something like 1/1000 part of carbon 
dioxide, just such a quantity as would give the glow well. I have not 
particularly examined where this carbon dioxide came from — it is enough for 
the present purpose that it was there. In all probability phosphorus vapour 
would also induce formation of active nitrogen, though I have no definite 
evidence of the fact. 

As regards earlier attempts to get rid of the glow by treatment with sodium 
or potassium ; if the metals have hem stored in oil (as potassium almost always 
is) enough hydrocarbons will probably cling to them to explain such experi- 
ments as that made by Prof. Kaker and myself, allowing nitrogen to stand 
over the cold liquid alloy. But in any experiments on vacuum tubes charged 
with gas, and sealed up, the quantity of nitrogen present is so small that the 
absolute quantities of imptirity needed are infinitesimal, and may be derived 
from the electrode or the glass. When a large quantity of nitrogen is purified 
and allowed to sweep through the apparatus, this source of contamination is 
practically eliminated. 

These questions cannot he discussed in more detail, for lack of space. But, 
in short, it is easy to understand that methods designed to get rid of oxygen 
do not in general get rid of carbon compounds. The prolonged use of very 
hot sodium, however, is capable of removing both. 

§ 2. Frobable Mode of Action of the 

If it is considered how diverge chemically the different catalysts are, it will 
not seem likely that their action can be interpreted by purely chemical 
considerations. We must remember tbat^ the impurity added performs its 
function, whatever that may be, inside the region where the electric oumnt 
is passing. It is useless to add a trace of, oxygen after the stream of 
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nitrogen has left the discharge, for in that case the addition produces no 
effect in increasing the yield of active nitrogen.^ 

The question is essentially one of processes occurring in the electric 
discharge, and must be considered in the light of our knowledge of the pro- 
perties of electrons and gaseous ions. 

In this connection the results of Franckf ax*0 very suggestive. He 
investigated the velocity with which negative ions travelled through 
nitrogen at atmospheric pressure, under potential gradients far too small 
to produce luminous discharge. It was found that with perfectly pure 
nitrogen the velocity was very large, indicating that the ions travelled over 
the greater part of their path as free electrons. A small admixture (some- 
thing like 1 per cent.) of oxygen or chlorine diminished the mobility of the 
negative ions two hundred-fold, and made it about equal to that of the 
positive ions. In short, in pure nitrogen the negative ions were free 
electrons : the addition of a trace of oxygen or chlorine loaded them so that 
they became of atomic dimensions. Argon and helium, even when present 
in much more than traces, were unable to produce this effect. 

Another property of pure nitrogen, namely, its capacity to yield active 
nitrogen under the discharge, is also extraordinarily influenced by a trace of 
oxygen or chlorine, but not by argon or helium. Can it reasonably be 
doubted that there is an intimate connection between the two sets of 
phenomena ? That the properties of a substance should he modified in* this 
way by a large multiple when slightly contaminated is always surprising an<l 
exceptional. When we find two such oases running parallel, as tliese do, the 
suspicion of some connection becomes very strong. 

* It is possible that someone casually glancing at this paper without being acquainted 
with its' predecessoi’S may be confused on this point. In the former papera I have 
studied the effect of adding various gases and vapours to active nitrogen after it is 
formed. In this case, of course, the addition is made by ^ tributary stream flowing into 
the stream of nitrogen it has flowed past the place where electric discharge is 
maintained. In the apparatus, fig. 2, it would flow in at a side tulm placed in some such 
position as M. But the present investigation studies the effect of added substances in 
assisting the production of active nitrogen. In this case the amount added is much 
smaller, and the addition is made before the nitrogen is submitted to electric dischai’ge. 
Some substances have an important and distinct effect in both ways. Thus acetylene is 
capable of assisting formation of active nitrogen (pure yellow afterglow nitrogen bands) 
if a trace of it is added be/f^e the nitrogen is acted on by the discharge ; while, if 
introduced in larger quantities qft^r the gas has been submitted to discharge, it unites 
chemically with the active nitrogen, forming hydrocyanic add ; and, from the place 
where the acetylene flows in onwards, the yellow nitrogen glow is entirely replaced by 
a violet one showing cyanogen specttmm. 

t 'Beutseh. Phys. Oesell. Verb.,’ vol. 12, p. 013 (1910); see also vol, 12, p. 291 
(1910). 
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Sir J, J. Thomeon's experiments on positive rays* were made on the 
luminous discharge at low pressures, with the ions moving under large 
potential gradients, and thus under conditions approaolang sojnewhat to 
those iised for generating active nitrogen. Thus the infonni\tion they yield 
with regard to the loading of electrons by atoms and molecules of various 
gases is more directly applicable than that obtained by the method used by 
Franck. 

J. J, Thomson foundf that negatively charged atoms of hydrogen, carbon, 
oxygen, sulphur, and cldorine wore present among the rays which had passed 
through a hole in the cathode. Since such an atom had acquired its 
momentum in moving up to the cathode, it was ueoessary to assume tliat 
it had been positively charged while doing so, that it had picked up an 
electron sulisequently which neutralised it, and then another which electrified 
it negatively. Some atones appeai'od never to acquire a negative charge under 
these conditions. These were nitrogen, mercury, helium, argon, and the 
other rare gases. 

It will be observed that, with the exception of mercury, the atoms which 
promQte the formation of active nitrogen are precisely those which can become 
attached to an electron, while those which do not have this effect are pre- 
cisely the ones which never become attached to an electron in the canal rays. 

I think therefore it will be admitted that a e have strong grounds for 
believing that the effect of certain admixtures in promoting formation of 
active nitrogen is produced by a loading up of the moving electrons in the 
discharge. In pum nitrogen the electrons are free. When a slight 
admixture of some gas containing, oxygen, sulphur or carbon, is present, 
atoms of the element introduced, set free in the discharge, attach themselves 
to the free electrons. 

To develop the explanation further, some element of hypothesis is 
unavoidable. It will be supposed, as in previous papers, that active 
nitrogen consists of monatomic nitrogen, k nitrogen molecule is separated 
into atoms by the impact of a negative ion in the discharge. If, however, 
this ion consists of a free electron it is not so effective in administering the 
right kind of blow as when it is loaded so as to be of atomic dimensions. 
Hence the gtmt increase in the production of acti%^e nitrogen when atoms 
of a kind suitable to effect this loading are introduced. 

It may be asked, If an ion of atomic dimensions is needed, why do not the 

* The title is unfortunate ka applied to the partioular experiments here quoted, iriiioh 
deal with negatively charged rays, 

f *Boy. Boc. Proc.,* A, vol, 80, p. 10 (1010) ; see also his VBays of Potitive Illeotricity, 
p. 30, Itongmans, 1013. 
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positive ions of nitrogen, which are present even when the nitrogen is 
absolutely pure, serve the purpose ? The fact that they move in the other 
direction cannot make the difference. 

I think that this objection can be answered without additional hypothesis. 
The mean free path of an electron is greater than that of a positive ion, on 
account of its small size. If the positive ion is comparable in radius to the 
molecules of the gas, the ratio of free paths may bo taken as 4 to 1, If, 
therefore, the electron only acquires its load towards the end of a free path 
it will have passed over a potential difference four times as great, and there- 
fore have actpiired four times the kinetic energy that a positive ion, which 
of course retains its atomic dimensions throughout, would possess. This 
possibility of ])Ossessing fourfold kinetic energy seems a sufficient explanation 
of why the negative ions should be so much more capable of producing active 
nitrogen than the positive ones. ♦ 

It remains to discuss the exceptional case of mercury, which is moderately 
efficient in promoting formation of active nitrogen, but which does not take 
a negative charge in tlio canal rays. The mercury atom also shows an 
exceptional behaviour in the canal rays — it occurs with much larger positive 
electric charges than do other atoms,* the charge being in some oases as 
much as seven times the electronic charge. Such highly charged positive 
atoms in the electric field will acquire between collisions the large amount 
of kinetic energy which we have supposed necessary to administer the 
necessary shobk to a nitrogen molecule. So that this exception may perhaps 
not unfairly be considered rather confirmatory than otherwise of the theory 
suggested. 

As already mentioned, I have never been able to really reduce the glow to 
nothing, by any method of purification tried. It is difficult to decide whether 
this is possible, and oven if it did seem to be accomplished in any experiment 
the doubt would remain whether somewhat different methods of stimulationf 
would not restore it. In the experiments described the glow was reduced to 
a point where the addition of 1/30,000 part of a hydrocarbon, such as 
methane, would distinctly improve it, so that to decide the question experi- 
mentally would be very difficult. It seems not inconsistent with the theory 
suggested that occasionally under favourable circumstances the impact of an 
unloaded electron might lead to formation of active nitrogen. If so, no 
purification could reduce the glow to nothing. 

The above disoussiOB has purposely been placed in a separate section of the 

♦ J. J. Thomson^ loc. eU. 

t Barticulariy the electrodeless dmeharge at low pressures. It is certainly a matter of 
great difficulty even to appreciably reduce the glow in this case. 

VOL. XOL— A. ‘ 2 B 
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jmper. If exception is taken to it as too speculative, it is hoped that the 
experiments of the preceding section will be judged independently. 

§3. Action of Active Nitrofjen on Liquid Mekdn. 

It has been ahown^ that active nitrogen reacts with metallic vapours, 
yielding the nitrides. At the same time there is a development of the 
line spectrum of the metal. No apparent efifect is produced when the 
active gas is passed over clean cold metals or over a film of mercury held 
on copper.f I now find that if a small quantity of mercury is placed in 
the bottoin of a fairly wide U-tube, and shaken while the active gas 
passes over it, all luminosity is extinguished, and the mercury becomes 
foul, clinging to the walls of the vessel, as it does when treated witli 
oxone. If the shaking is discontinued the glow again passes. After having 
treated the mercury in |his way for a short time it is easily proved, 
chemically, to contain nitride. If water is added ammonia is formed, and 
can be distilled off and recognised by the Nessler reaction. 

It is of interest to notice that when active nitrogen unites in this way 
with liquid mercury there is no development of the mercury spectrum. This 
is in contrast to what is found with mercury vapour, which gives the mercury 
spectrum strongly with active nitrogen. Other melted metals also react with 
active nitrogen. This was readily demonstrated with fusible metal (bismuth- 
tin-lead alloy) melting at about 100® C. Metals melting much above this 
temperature are less easily experimented with, because active nitrogen passes 
almost instantly into ordinary nitrogen by the catalytic action of hot surfaces^ 
Thus the active nitrogen is destroyed by contact with the heated walls of the 
glass tube containing the melted metal before getting to the latter. In spite 
of this difficulty it has been found possible to demonstrate the chemical 
action upon melted tin and melted lead. As in the case of liquid mercury, 
the spectrum of the metal is not develojMsd. 

§4, with Other lAquids, 

These experiments with melted metals naturally suggested trying other 
liquids. 

Since a stream of active nitrogen at low pressure can alone be used, we are 
limited to liquids of small vapour pressure. The glowing gas was bubbled § 

* I, p. 2S4 ; V, p. 542. 

t I, p, 225. 

t See III, p. 363. 

§ Bubbling ie feasible with a head ^ of 1 or 2 cm. of a light liquid. Active nitrogen 
cannot well be btibbled through molten heavy metal^ because the preeeure in the 
dkohargo tube which this would require would bo unfavourable to formation of active 
nitrogen. Shaking the liquid in the stream of active gas must then be resorted to.i 
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through glycerine in a U-tube without any apparent action* The glow got 
through quite well. 

It was also bubbled through a concentrated solution of stannic chloride. 
Nothing was seen of the beautiful blue light developed when the vapour of 
this salt mixes with active nitrogen. 

A dilute solution of indigo in concentrated sulphuric acid was slowly 
decolorised by bubbling active nitrogen through it. The exact nature of 
the action was not studied further, but the experiment clearly proves that 
active nitrogen is capable of acting on dissolved substances as well as on 
vapours and liquid metals. 

§ 5. Chem ical Act ion on the Parajffins, 

Active nitrogen, it is agreed by all experimenters, acts freely on the 
inajoiity of carbon compounds, with formation of trydrocyanic acid. Doubts, 
however, have been expressed as to its having this action on the paraffins * 
* 1 have re-examined this question as carefully as I could, with the advantage 
of having specially purified materials at command. In all cases abundant 
hydrocyanic acid was obtained, 

Heptnm. — The specimen was one which was specially purified by Sir 
Edward Thorpe.f Its origin was from Finns ^ahiniana. This was treated 
with active nitrogen for a few minutes, and an abundant precipitate of 
Prussian blue, enough to colour several litres of water strongly, was obtained. 
The excess of oil, condensed out along with the hydrocyanic acid, had acquired 
a strong smell suggestive of nitriles, 

Feniam, — The specimen was obtained through the kindness of Dr. A. G. 
Vernon Harcourt, F.R.S., and had been prepared for use in his standard 
lamp. It had passed the tests imposed by the Metropolitan gas referees for 
absence of olefines. This again behaved in just the same way as the heptane 
had done. The hydrocyanic acid was estimated quantitatively, and the yield 
was about the same as that formerly obtainedt with commercial light 
petroleum (motor spirit). 

Methane , — The first sample was prepared from sodium acetate and soda 
lime and condensed with liquid air. It was then allowed to evaporate 
fractionally, the less volatile half of the gas being rejected. About 2 litres 
was retained for the experiment. After treatment with active nitrogen it 
yielded hydrocyanic acid equivalent to about 6 o.o. of nitrogen gas. 

Two litres of methane prepared from aluminium carbide, and similarly 

* Koenig and Eliid, * Ber. d. Deutscb, Chem. Goa.,* vol. 47, Heft 4, p. 616 (1914). 

+ ^Chem. Soc. Proc./ p. 299 (1879). 

I V, p. 646. 
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purified by fractional diKtillation, gave about the aame result as the fore- 
going. 

With methane the cyanogen 8i)ectrum is not nearly so conspicuous as with 
some hydrocarbons ; but if the conditions are suitably adjusted, with not too 
large a feed of methane, it is quite well seen. 

§ 6. Summary. 

1. The past controversy as to whether active nitrogen can be freely 
obtained from pure nitrogen, or whether a trace of oxj'gen must be 
present, is reviewed. It is shown that neither alternative is correct. 
Perfectly pure nitrogen will not give more than a little active nitrogen. 
On the other hand, to get a good yield it is not necessary that free 
oxygen or any oxygen compound should be present, for almost any small 
admixture of a foreign gas will enormously increase the yield of active 
nitrogen. The amount of admixture required to produce the best effect is 
usually of the order of 1/1000 part, but, to quote one case particularly 
examined, a very distinct effect is produced by adding a 1/30,000 part of 
methane. 

2. The view is suggested that the impurity acts by loading the electrons in 
the discharge, and thus altering the character of their impact with the 
nitrqgen molecules. This view is supported by the fact that gases carrying 
oxygen, sulphur, chlorine, carbon, and hydrogen are capable of promoting 
formation of active nitrogen. These are atoms which, according to the 
investigations of J. J. Thomson and Franck, are capable of attaching them- 
selves to electrons in the discharge. On the other hand, argon, helium, and 
(of course) nitrogen itself, which are not able to load electrons, do not 
promote formation of active nitrogen. The case of mercury is at first sight 
anomalous, but reasons are given which seem to explain the anomaly. 

3. Active nitrogen shaken with cold liquid mercury unites with it, forming 
nitride, but no development of mercury spectrum attends tlie action, as 
when mercury vapour unites with active nitrogen. Similar results have 
been obtained with other melted metals. 

4. Active nitrogen bubbled through a weak solution of indigo in sulphuric 
acid slowly discharges the blue colour. 

5. Active nitrogen acts freely on the purest heptane and pentane 
obtainable, with formation of hydrocyanic acid. On pure methane the 
action, though perhaps rather less, was still considerable. These experiments 
do not bear out the view that it is only olefine imparities in the paraffins 
that can yield hydrocyanic acid. 
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Sorm Temj)€rature Refraction Coefficients of Optical Glass. 

By Lieut.-Col. J. W. Giffoko. 

(Communicated by Prof. S. P. Thompson, F.KS. Received February 6, — 

* Revised March 18, 1915.) 

In a previous paper,* the refractive indices of a number of typical samples 
of glass were given, but the temperature coefficients — although measured — 
wore omitted at the time. The late Sir David Gill having shortly before 
his death expressed a wish that they should be published, the following 
paper complies with this desire. 

In addition a table is given of the refractive indices of glass meltings Hince 
measured, together with an account of an attempt to determine, if only 
approximately, the influence of atmospheric x>res8uro (barometer changes) on 
measurements of refractive index generally. 

The special methods employed to obtain the indices and to estimate the 
probable error, as well as the instruments used, are the same,f except in the 
case of Schott's Fluor Crown. In this case, the melting being a small one, only 
one prism was cut, and the limit of uniformity in its production has, therefore, 
not been ascertained ; it may, however, be noted in this connection that its 
temperature refraction coefficient is a minus quantity as with quart 2 iin<] 
fluorite. In no other glass melting has this been found by the author, all 
others having the plus sign, that is, the refractive index in air rises with the 
tomperatui^. 

In order to determine the change in the apparent refractive index due to 
the varying barometric pressure, a number of experiments were made in 
which on different days the refractive indices were compared, the tem- 
peratiire so far as possible being the same. It was pointed out to me by 
Prof. Schuster that these experiments indicated that far the greatest part of 
the change was due to alteration of the refraction in air. 

Tables of the temperature refraction coefficients of all the glasses and of 
the refractive indices of those meltings not previously given follow. 

It should be noted that the numbers indicating the '‘probable error" 
include the actual differences in the refractive indices of different specimens 
of glass from the same melting and the accidental errors of the determination 
of the index of each. The former, as pointed out in my previous paper, is 
much the larger of the two. The refractive indices ere referred to air. The 

* fBoy. Soc. Proc.,’ rol. 87, p* 189 (lOlf). 

+ *Roy, Soc. Proo./ voL 70, p. 329 and ‘Monthly Noticos B.A.S.,* voL 69, 

p. n8 (l»08). 

TOL. iOh—A. 2 C 
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temperature coefficients indicate the changes of the index due to a rise of 
1° C,, the normal temperature being 15® C« In order to reduce these indices 
to vacuo, corrections have to be applied which are easily calculated. 
Approximately the correction is minus 10 in the last decimal place, so that 
"Silicate Crown (S. 7181)^' would have a zero coefficient for the refractive 
index referred to vacuo. 


Table of Temperature Eefraction Coefficients (\ ==: 6270) for 1° C, 


Type. 


0,6781 

Fluor Crowii 

(B. 8807) 

-0-0000086* 

0,2188 

Borosilioate Crown 

(8. 6116) 

0*0000021 

411 

,> „ .............. 

(0. 657) 

0-0000019 

0,144 

II >1 

(8. 6077) 

0-0000080 

0,8882 

II )i 

(8. 6028) 

0 *0000102 

0,14i 

»j j> 

(S. 6141) 

0*000001{ 

8790 


(M.ei 82 ) 

0 *0000040 

0,8890 

t> 1) 

(8. 8681) 

0 *0000020 

0,3612 

>1 >1 

(8. 6107) 

0-0000018 

0,8468 

)t II 

(8. 4812) 

0*0000015 

0,2118 

Crown of lowest 

(8. 8113) 

0*0000086 

0,188 

Silicate Crown 

(8. 7181) 

0*0000010 

0,3666 

Telescope Crown 

(8. 3418) 

o*oax>oo7 

0,8661 

iSinoo.siUoato Crown 

(S. 4705) 

0-0000083 

0,227 

Barium Silicate Crown... 

(8. 7714) 

0 -0000049 

0,211 

Densest Barium Silicate Crown 

(8. 4962) 

0-0000012 

4087 

Baryta Light Flint 

(M.4087) 

0-0000088 

0,3489 

Telescope Light Flint 

(8. 8204) 

0-000004? 

0,820 

Baryta Light Flint 

(8. 4677) 

0-0000012 

0,8489 

Telescope Light Flint 

(8. 4806) 

0-0000068 

0,2071 

Dense Barium Crown 

(8. 4674) 

0-0000003 

4078 

Heavy Barium Crown 

(M. 6201) 

0-0000038 

0,8439 

Telescope Flint ; 

(8. 6992) 

0*0000040 

0,3961 

Densest Baryta Crown 

(8.4704) 

0-0000068 

0,3888 

Boro8ilit«ite Flint 

(8. 8838) 

0*0000045 

0,627 

Baryta Light Flint 

(8. 8187) 

0*0000018 

0,864 

BorosUioate Flint 

(8. 8198) 

0*0000106 

0,678 

Baryta Light Flint 

(8. 6042) 

0*0000036 

0,364 

Borosilicato Flint 

(8. 0864) 

0*0000041 

0,164 

Ordinary Light Flint 

(S. 8881) 

0-0000038 

8886 

Light Flint 

(M.6812) 

0*0000089 

0,748 

Baryta Light Flint 

(M.4870) 

0*0000046 

384 

Dens© Flint 

(0. 629) 

0*0000070 

0,118 


(a 6408) 

0*0000026 


* The tetapentvae refmotiou ooeffioieats for— 

Quart* (ordinery »y) « — 0 *0000068 

Fluorite - -0*00001(« 
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The Effects of Different Gases on the Electron Emission from 

Glowing Solids. 

By Fkank Hobton, SaD., Professor of Physics in the University of London* * * § 

(Commimicated by Sir J. J. Thomson, O.M'., F.R.S. Received March 4, 1915.) 

The original theory of the origin of the electron emission from glowing 
solids, which is based on the electron theory of metallic conduction, has 
recently been subjected to criticism on account of the manner in which the 
emission can be reduced by continually removing impurities from the 
discharge tube. The critics maintain that the emission occurs as a result of 
chemical action between the hot cathode and the surrounding gas, or between 
the constituents of the cathode itself. In a recent paper* the author has 
summarised the evidence in favour of this latter view, and has described 
experiments which show that the results which it leads us to expect do not 
always occur. In particular it has been shown that the chemical action 
theory of the origin of the activity of a Wehnelt cathode, as propounded by 
Fredenhagenf and by Gehrts^ cannot be accepted. The experiments described 
in the present paper were designed to test further the theory that the 
electron emission is due to chemical action. The experiments consisted in 
studying the ionisation produced by Nemst filaments boated in various gases, 
of different chemical affinities for the material of the cathode. The 
apparatus§ and method of experiment were similar to those described in the 
paper already referred to. The filament, was heated by an alternating current 
from a transformer, and its temperature was determined by means of a 
specially standardised F^ry optical pyrometer which was kindly lent to me 
by Prof. T. Mather, of the City and Guilds Engineering College, London. 
The anode consisted of two parallel platinum plates, fixed in the discharge 
tube at equal distances on opposite sides of the filament, and connected 
togetlier outside the apparatus. The potential difference applied to the ends 
of the filament was measured by a Siemens alternating voltmeter, which was 
used in series with a resistance of equal magnitude, the total resistance in 
parallel with the filament being 4572 ohms. The junction of the volt- 
meter and series resistance was connected to earth, and thus the mid-point of 

* F. Hoi'ton, ‘Phil. Trana,' A, vol 214, p. 277 (1914). 

t K. Fredenhagen, * Ber, E. ^cha. Gas. Wias.,* Leipzig, vol, 65, p 42 (1913). 

I A. Gehrta, ‘ Ber. d. Beutsch. Phys. Ges.,’ p. 1047 (1913), 

§ The author is indebted to the Government Grant Committee of the Royal Society 
for the means of pui'chasiug some of the apparatus used In these experiments. 
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the glowiug filament web kept at zero potential. The platinum plates 
forming the anode were connected through a delicate galvanometer to the 
positive pole of a high potential battery, the negative pole of which was 
eaithed. A diagrammatic view of the arrangementB is given in fig. 1, in which 
for simplicity the discharge tube is not shown. The filaments experimented 



Fio. I, — A, A, pl&tinuin anodes (connected togetlier) ; B, battery j 0, C, heating current 
leads ; F, Nernst filament ; G, galvanometer ; V, voltmeter; 8, series resistance. 

with wore all of tlie same type aud were intended for use on a lOO-volt 
alternating circuit. The thermionic currents in air .under similar oonditions 
varied slightly for different filaments, but in every case the currents 
measured after heating for some time were remarkably constant. • In this 
respect the electron emission from a Nernst filament is very different from 
that obtained with a metal cathode, which usually decreases continuously 
with time. Measurements of the thermionic currents in air, nitrogen, 
oxygen, and hydrogen wore made. In each case the variation of the current 
•with the pressure of the gas under a constant applied potential difference was 
observed, and also the variation of the current with the potential difference 
with a constant gas pressure in the discharge tube. The observations were 
usually made with the filament at a temperature of 1525° C., but measure* 
meats were also inade at other temperatures. 

A difficulty in nudEing comparisons of the thermionic ourrontii in difibrent 
gaae% and at diffiMrent pressures in the same gas, anses from the fact that, in 
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order to maintain the filament at a constant temperature, the heating current 
has to be altered at each change in the nature or density of the surrounding 
gas. As the thermionic current is usually uiisaturated, an alteration of the 
potential diflFerenoe between the ends of the filament causes an alteration in 
the current measured by the galvanometer. 'For this reason the comparisons 
were generally made with a potential difference of 210 volts applied between 
the centre of the filament and the platinum anodes, this large potential 
diiBference being used so as to minimise the effect of the variations in the 
heating circuit. Another difticulty occurred in the measurement of the 
temperature, for it was found that at very low pressures (less than about 
0*15 mm.) the luminosity of the filament fell off, although the heating current 
was maintained steady. It is thus possible that the thermionic currents 
measured at these low pressures are larger than they should be, on account 
of the temperature of the filament being greater than the value obtained 
from the reading of the optical pyrometer ; but I do not think this introduces 
a serious error, for the pyrometer measures the temperature by the intensity 
of the red rays only, and it was found that, if the heating current were kept 
constant, the intensity of the red rays hardly altered as the gas pressure was 
reduced from about 0*1 mm., although the general luminosity of the filament 
decreased perceptibly. A Nernst filament seems to require the presence of 
oxygen in order to emit a brilliant white light at high temperatures, for it 
was noticed that the luminosity was less, and that the filament appeared 
redder, when heated in nitrogen or hydrogen than when heated in the 
presence of oxygen to the same temperature as measured by the pyrometer. 

In comparing the thermionic currents in air with those \inder similar 
circumstances in another gas, a series of observations in air was usually 
taken first. The filament was fitted into the apparatus and left glowing for 
some time in air at the highest pressure to be used. During this period the 
air in the apparatus was dried by the large phosphorus pentoxide drying tube 
oonnected to the discharge bulb, and the measured thermionic current 
gradually attained a steady value. Even with a new filament, the thermionic 
current became constant after a few liours* heating. The pressure of the air 
in the apparatus was then gradually reduced, the temperature and applied 
potential difference being kept constant, and observations of the thermionic 
current at different pressures were taken. The vacuum was finally made as 
complete as possible by means of charcoal cooled in liquid air, and then the 
other gas was gradually let into the apparatus, through two stopcocks, from 
a large glass flask, where it had been stored for many hours over phosphorus 
pentoxide. Several filaments were used in the course of these experiments, 
end, as these gave slightly different thermionic currents under similar 
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conditione, it was necessary to make a series of experiments in air in con- 
nection with each series of observations in another gas. The results will 
therefore all be given in the form of a oompai'ison of the ionisation produced 
in air with that produced in the second gas, 

I. The Ionisation in Nitrogen. 

The current-pressure curves for air and for nitrogen are shown in fig. 2, 
The filament was at a constant temperature of 1625® C. throughout the 
observations, and a potential difference of 21 2 volts was applied across the 
tube. It will be seen that in both coses the maximum thermionic, current 



was obtained at about 1‘3 mm. pressure, and that at pressures below this the 
current was practically the same in the two gases, while at higher pressures 
the current in nitrogen was rather greater than that in air at the same 
pressure. This is also shown by the ourrent-KM.F. curves at different 
pressures in the two gases. At very low pressures the curves were nearly 
identical, but at pressures of several millimetres the cuiTents in nitrogen 
were always greater than those under sipiilar conditions in air. Fig. 3 shows 
these curves for the two gases at 48 mm. pressure. 

Both with air and with nitrogen the ourrent-E.M.F. curves showed the 
usual charaotmdstios, approximate saturation at very low pressures, and at 
pressures approaching atmospheric, with evidence of considerable ionisation 
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1:^ GolliBions at intermediate pressures, aa, for instance, is shown tdie ounres 
in fig. 3. 

It should be mentioned that all the onrients measuied with the psrtioidar 
filament used in this series of experiments were rather larger than those 



usually obtained, probably owing to some slight difierenoe of composition of 
the filament. 

II. The Icniaatim in Oxygen. 

The current-pressure curves obtained in oxygen were practically identical 
with those obtained with the same filament in airi The pressure of ma xirnmn 
thermionic current was found to be about 1 mm.^ — a little lower than that 
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measured with the filainent used in the experiments with nitrogau; The 
ourrent*E.M,F. curves were also very similar. The equality of the currents 
measured at low pressures in the two gases may be judged from the following 
Table, which gives the galvanometer deflections for different applied potential 
differences, in air at 0161 mm, pressure and in oxygen at 0148 mm, pressure, 
the temperature of the filament in both cases being 1625® C. : — 



l%emionio ourrente : 

1 «• 1 ’40 X 10”** ampbro. 

irOwKlillilftl CLtutfJretlOO 

Ain 

Oxygen. 

1 

43 

48 

ftl 

80 

79 

84 

129 

102 

118 

X72 

129 

146 

258 

189 

199 : 

{ 844 

245 

256 

430 

810 i 

816 


In taking the observations for a current-E.M,F. curve in any gas it was 
usually found that the currents measured with increasing electromotive forces 
were in each case slightly less than the currents measured under the same 
potential differences with decreasing electromotive forces. This was the case 
during the observations recorded in the above Table, and the numbers given 
for the currents are the means of the ** increasing E.M.F/' and the decreasing 
E.M.F." values. 

III. 'fhe Ionisation in Hydrogen. 

The efiect of hydrogen on the discharge of negative electricity from a 
glowing solid was first investigated by H, A. Wilson,* who experimented with 
a hot platinum wire and found that hydrogen produced a very large increase 
in tlie thermionic current, which, at low pressures, was nearly proportional 
to the pressure of the hydiegen. From these results Wilson was led to the 
conclusion that the negative emission ordinarily observed from a platinum 
wire at a high temperature in air, or in a vacuum, was probably due to traces 
of hydrogen in the wire, and he showed that the thermionic current may be 
reduced to 1/250,000 of its ordinary value by taking preoautidne to remove 
such traces. Further experiments, f however, convinced Prof. Wils<m that 
the electron emission from glowing platinum is not entirely due to traces of 
hydrogen, but that the presenoe of this gas in the surface layers of the 
platinum assists the escape of electrons from the metal by diminisdiing the 

* H. A. Wil»on, ‘Phil. Tratm./ A, vol. 202, p. 243 <1903)* 
t H. A. Wii«on, * Phil* Trans*/ A, vol. 208, p. 247 (1906). 
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work which an electron has to do in passing throttgh the surface. Other 
experimenters have, nevertheless, used the fact that the thermionic current 
can be increased by the presence of hydrogen, as an argument in favour of 
the view that the electron emission from glowing solids is purely the result 
of chemical action between the cathode and impurities present in it, or gases 
surrounding it — that the electrons are liberated by chemical action and are 
not simply escaping from the cathode at the high temperature, 

The main object of the experiments recorded in the present paper was to 
investigate the electron emission from a Nernst filament in hydrogen, and to 
compare it with the emission in other gases. Many more experiments were, 
therefore, made in hydrogen than in oxygen or nitrogen, and the thermionic 
currents from several filaments in this gas, under different conditions, were 
very thoroughly investigated. It is clear that the possibilities of chemical 
action with a Nernst filament (consisting of a mixture of oxides) at a high 
temperature are much greater when the gas in the apparatus is hydrogen than 
when oxygen, nitrogen, or air are used. If the emission of electrons is due 
to chemical action, it would seem reasonable to expect a much larger emission 
from the filament in hydrogen than under similar conditions in other gases. 
But the results of the experiments given below show that the emission 
in hydrogen is not greater than the emission in air, although at certain 
pressures the thermionic current is enormously increased by the ionisation of 
the hydrogen molecules by collisions. The increase in the current due to 
this cause in hydrogen is very much greater tlian the corresponding increase in 
air, oxygen, or nitrogen. 

The curves given in fig. 4 show the alteration with gas pressure of the 
thermionic current from a filament at 1625® C. in air and in hydrogen, the 
currents measured in the latter gas being plotted to one-hundredth the scale 
of those in air. It will be seen that the pressure of maximum conductivity 
in hydrogen is about 8’5 times the pressure of maximum oonduotivity in air. 
On the theory of ionisation by collisions the pressure at which the current 
attains a maximum value is proportional to the eleotric force. A series of 
observations with the filament at 1626® C. in air showed that the pressure of 
maximum tberinionio current was roughly proportional to the potential 
difference applied from the cells for voltages of 200 and 250. The voltage 
applied from the cells is, however, only a measure of the potential difference 
between the centre of the filament and the am)de8. The potential at other 
points of the filament is different from that at the centre owing to the fall of 
potential along the heating circuit. In hydrogen the heating current requited 
to maintain a temperature of 1625® 0. is much greater than in air, and it 
increases considerably as the pressure of the hydrogen is increased. The 
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electric field due to the lieating current is therefor© by no means constant 
during a series of experiments at different gas pressures, and it is very 
different in hydrogen at 12 mm. pressure and in air at 1*4 mm. pressure. It 
is thus probable that the pressure of maximum thermionic current in hydrogen 
as shown in the curve is considerably higher than it would be if the electric 
field wore the same as in the case of air. It follows from the theory of 
ionisation by collisions that with a given uniform field the pressure of 
maximum current in hydrogen is about three times the corresponding 
pressure in air, oxygen, or nitrogen. In the present experiments the 



electric field is not unifonn, and it alters when the heating current is 
adjusted at each change of pressure, so that wo should not expect this 
ratio to be obtained, although the general form of the curves indicates that 
the variations in the thermionic current with gas pressure are due to 
ionisation by collisions. Several series of experiments made with diflerent 
filaments in" hydrogen and in air gave pressures of maximum conductivity 
in the former gas ranging from 8*0 to 9*6 times the pressure of maximum 
conductivity in air. To give some idea of the manner in which the field 
due to the heating current varied it may be mentioned that, with the 
filament at 1625'^ C., and with air in the apparatus, the potential difference 
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between the ends of the filament ranged from 74 to 66 volts as the pressnre 
was reduced from about 40 mm. to zero; while in hydrogen the corre- 
sponding alteration was from 128 to 66 volts. 

In order to compare the electron emissions in air and in hydrogen it is 
necessary to prevent, as far as possible, the original emission from being 
altogether swamped by the new ions formed by collisions. It was not 
possible to prevent ionisation by collisions altogether, for it was necessary 
to have some gas present in the discharge tube, and it was found that the 
field due to the heating current alone was sufficient to cause this ionisation ; 
but the effects of ionisation by collisions are not large if the experiments 
are made at low pressures — at pressures well below those of the maxima 
shown in the curves of fig. 4. A series of observations of the thermionic 
currents in air and in hydrogen with various applied potential differences, 
and at pressures up to 0’2 mm., was therefore made. Fig. 5 shows current- 



E.M.F. curves for air and for hydrogen at 0*17 mm, pressure, the tem- 
perature of the filament being 1525® C. in both cases. From these ourves 
it will be seen that the thermionic current is nearly the same in the 
two gases. With 400 volts the current in hydrogen appears to be 
saturated, whereas that in air is approximately obeying Ohm*e law, A 
similar result is shown in fig. 6 for hydrogen at 0*089 mm. and for air at 
0110 mnx The exi^eriments for the curves in fig. 6 were made with a 
different appamtus frmn that used in obtaining the results of fig, 6, tlie 
distance apart of the electrodes being rather greater. Figv 6 also centains 
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curvee for hydr(^eQ and for air at 0*040 mm. pressure, under which con- 
ditions the currents in the two gases are still more nearly equal. At this 
lower pressure the effects of gas ionisation are no doubt smaller, for not 
only are fewer collisions possible, but also the electric field is more nearly 



Fig. 6. 

the same in the two gases, as the heating currents required to maintain 
the same temperature in the filament are not very difiereut. These curves, 
and others which I have obtained, show that at low pressures saturation is 
more easily attained in hydrogen than in air, oxygen, or nitrogen ; a result 
w^hich is accounted for by the fact that the mean free path of the ion in 
hydrogen is greater than it is in air, oxygen, or nitrogen, and so becomes 
comparable with the distance between the electrodes at a higher pressure 
than in the case of these other gases. The curves clearly indicate that if 
ionisation by collisions could be completely eliminated, the electron emission 
from the filament would be found to be the same in hydrogen as it is in air. 

IV. A Comparison of th^ Electron Emimon> from Lime Hmkd on a Nermi 
FUament in Air aiui in Hydrogeiu 

In the course of an earlier research* the author found that the thermionic 
current from a lime-covered platinum strip heated in pure helium at about 
3 mm. pressure was enormously increased if a small quantity of hydrogen was 
allowed to enter the discharge tube. Since the amount of hydrogen admitted 
was very small, it is probable that the increased current obtained is due to an 

♦ F. Horton, ‘Phil Trans./ A, vol 207, p. 149 (1907). 
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actual increase in the emission from the cathode, and is not niei'ely the result 
of ionisation of the hydrogen atoms by collisions. It was also found that the 
themionic current in pure hydrogen at 0*01 mm. pressure was enormously 
greater than the current measured in air at the same pressure. Kecently 
Fredenhagen* has attempted to explain this effect from the point of view of 
the chemical action theory of the emission of electrons from solids at high 
temperatures, by supposing that the hydrogen combines with the oxygen of 
the lime, and possibly also with the calcium, and that electrons are emitted 
as a result of these chemical actions. An obvious objection to this explana- 
tion is that it involves the rapid disappearance of the oxide layer, and 
consequently the cessation of the activity of the cathode — results which do 
not occur in practice. There is also the objection that, so far as the author is 
aware, there is no evidence that the chemical actions mentioned give rise to 
an electron emission. 

The experiments described in tlie present paper suggested that the 
increased emission from a lime-covered platinum catliode in hydrogen might 
be due to the effect of the hydrogen on the emission from the platinum 

supporting the lime, so that if the lime were heated without the platinum 

support, its electron emission in hydrogen might perhaps bo not veiy 
different from that in air. In order to test this, a Nernst filament which had 
been found to give equal thermionic currents in air and in hydrogen at low 
pressures w^as covered with lime and was again tested in these gases. The 
results of these tests will be seen from the curves given below. Fig. 7 shows 
the current-pressure curves at 1525® C. in air and in hydrogen. It will be 
seen that at 100 mm, pressure the thermionic current in hydrogen was about 
55 times the current in air, but the shaj)C of the curve indicates that 
ionisation by collisions is already occurring at this pressure in hydrogen, 
whereas it is producing no noticeable effect in air ; moreover the potential 

difference between the ends of the filament at 100 mm. pressure was 

136 volts in hydrogen and only 79 volts in air. The alteration of the 
thermionic currents' with pressure, at pressures below about 1 inm., is shown 
in fig. 8, Ionisation by collisions takes place throughout this region of 
pressure, especially when a high potential difference is applied across. the 
tube. Both with air and with hydrogen there was a luminous discharge 
throughout the series of observations represented in fig. 8. At high pressures 
the discharge with a potential difference of 206 volts (as in the curves of 
fig. 7) was not luminous, but the luminosity appeared on reducing the 
pressure to about 33 mm. with hydrogen, and to about 4 mm, with air. 

In comparing these results in the two gases it must be borne in mind that 
♦ K. Fredenhagstt, * Fhysik. Zeitsohr./ vcL 15, pi 19 (19U), 
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apart from the effects of ionisation by oollisious, there are two things which 
tend to make the currents measured in hydrogen greater than those measured 



in air. One of these is the greater potential difference between the ends of 
the filament, due to the greater heating current requited in hydrogen ; the 
other is the fact tliat the luminosity of the filament in hydrogen is less than 
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it is in air With the optical pyrometer, only the red light is used to 
measure the temperature, and I do not think tlmt much error is made in 
adjusting the temperature with a low pressure of air or of hydrogen in the 
apparatus; but at high pressures, where the difference of luminosity in the 
two gases is more marked, it is not unlikely that a hi^lier temperature of the 
filament is required in hydrogen to give the same intensity of red light as is 
obtained with the filament at 1625° C. in air. It is probably for these 
reasons that the ratio of tlie thermionic currents in the two gases was found 
to increase at high pressures. At atmospheric pressure the current in 



hydrogen was about 400 times as lai’ge as the current measured in air under 
the same applied potential difierence and at the same temperature as 
measured by the pyrometer. Unfortunately, no other method of temperature 
measurement could be employed, for it was desired to have no metal in 
contact with the lime. These experiments at atmospheric pressure can be 
compared with those of Martyn,* who found that the thermionic current from 
a lime-oovered platinum wire at 1600^ 0. in hydrogen at atmospheric pressure 
was 20,000 times the current in air under similar conditions. In Martyn*s 
experiment there was no uncertainty in the temperature adjustment, which 

* a H. Martyn, ‘ Phil. Mag.,* VI, vol, 14, p. 806 (1907). 
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was performed by meastiring the resistance of the platinum wire. It is 
therefore obvious that hydrogen increases the thermionic current from a 
lime-covered platinum cathode to a much greater extent than it does the 
current from a lime-eovered Nornst filatnetif;. 

That the electron emission from lime is practically the same in air and in 
hydrogen is perhaps best shown (as in the case of the Nernst Hlarnent alone) 
by curreiit-E.M.F, cutwes obtained at low x>te8Bure8. Two such curves are 
given in fig, 9, the lower one being for air at 0*0103 mni. pressure^ tho upper 
one for liydrogen at 0-0121 mm. pressure. During both sets of observations 
the gas in the discharge tube was very faintly luminous. The luminosity 



Fio. e. 

was not sufficient to enable the spectra of the gases to be examined, but tliis 
was done before reducing the pressure in each case ; the air showed no sign 
of the hydrogen lines, and the spectrtim of the hydrogen showed that the gas 
was pure. 

To illustrate the striking difference between these results and the effect of 
hydrogen on the thermionic current from a lime-covered platinum strip, an 
experiment described -in an earlier paper* may be quoted. Tho thermionic 
current from a lime-covered platinum cathode was measured in oxygen gas at 
0d)02 mm. pressure. This gas wtis pumped out and hydrogen was let into 
the apparatus, which was then pumped down to the same pressure eus before. 
On warming up the cathode the thermionic current was at first only slightly 
greater than its previous value, but it rapidly increased until in a few minutes 
it was over 10,000 times as great as it had been in oxygen at the same 
temperature (740® C.). In view of the results of the experiments described 

* F, Hormn, ‘ Phil. Trans.,* A, vol. 207, p. 149 (1907). 
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in the present paper, this increase in the thermionic current is probably 
entirely due to the effect of the hydrogen upon the platinum. In the first 
observation, in oxygen, the platinum was quite free from hydrogen. It had 
been boiled for a long tiuje in strong nitric acid before being covered with 
lime, and the cathode had been heated in oxygen at a considerable pressure 
for hours before the final readings at 0*002 mm. were taken. When hydrogen 
is let into the apparatus it is only very slowly absorbed by the platiniun 
when tliat is cold, but as the tempemture is raised the absorption rapidly 
increases. This probably accounts for the increasing thermionic current 
which was observed in the experiment, 

Summary and, Comlvsiom 

The experiments described have shown that the emission of electrons from 
a glowing Nernst filament is independent of the nature of the gas in the 
discharge tube, at least for the gases air, oxygen, nitrogen, and hydrogen, and 
that the same may be said of the electron emission from lime. At low 
pressures the thermionic current from a given cathode under definite con- 
ditions is practically identical in all four gases. At higher pressures the 
thermionic currents under similar conditions vary, but an increased 
thermionic current does not necessarily mean an increased electron emission 
from tlie cathode; the lai*ge currents which are obtained at certain gas 
pressures, particularly with hydrogen, are the result of ionisation of the 
gas molecules by collisions. Oxygen and hydrogen differ very widely in 
their chemical affinities for the material of an oxide cathode, so that the 
equality of the electron emission in these two gases is evidence that the 
electrons are not produced by chemical action between the cathode and 
the surrounding gas. 

In the case of a platinum cathode, hydrogen seems to produce a genuine 
increased emission, which appears to be brought about by the absorption of 
the gas by the platinum. This result was first obtained by H. A. Wilson,* 
who, by means of a careful investigation of the connection between the 
thermionic current and the gas pressure, was able to establish the fact that 
the hydrogen dissolves in the platinum and does not, under ordinary circum- 
stances, combine with it to form a compound. It is improbable, therefore, 
that the increased emission from platinum produced by hydrogen is due to 
chemical action. The exact manner in which the hydrogen acts is at present 
unknown, but Wilson has shown that the experimental results can be 
explained on the supposition that the hydrogen atoms in the surface layers 

* H. A, Wilson, ‘ Phil. Trans., ^ A, vol. 208, p. 247 (1908). 
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of the jflatinum are positively charged and have the effect of lessening the 
work wliioh an electron must do in order to escape from the metal. With a 
substance like lime or the oxides of a Jfernst filament, by which the hydrogen 
is not absorbed, the electron emission is unaltered by the presence of this 
gas. 


On the Corpuscular Radiation Liberated in Vapours by 
Homogeneous X-radiation. 

By H. Moork, B.Sc., A.K.C.S., Assistant liecturer in Physics at King's 

College, London. 

(Communicated by Prof. 0. W. Richardson, F.R.S. Received March 22, 1915.) 

It is recognised as a result of numerous independent experiments* that 
ionisation by X-rays is the result of corpuscular radiation liberated by the 
X-rays. In a recent paperf it was shown by the author that, in the case of 
carbon and oxygen compounds, the corpuscular radiation liberated by a beam 
of X-radiation was an " atomic " phenomenon, Le. that the number of 
corpuscles given out by an atom of carbon or oxygen in a beam of X-rays 
is the same whether the atom is in combination or not. The resulting 
ionisation is not, however, ‘'atomic,'' the ionisation produced in different 
gases or vapours by a given amount of corpuscular radiation being dependent 
on the nature of the gas or vapour; 

In the present paper an attempt has been made to test whether this 
“ atomic " law holds good for other elements of higher atomic weight. 
These, giving much larger ionisations than the lighter elements, also allow 
of greater accuracy in the observations, although as the absorption is 
correspondingly increased, large absorption corrections are rendered necessary 
in some cases. 

As in the former experiments, the gases or vapours were subjected to 
a beam of homogeneous (copper) radiation, the ionisation chamber being 
a cylinder with aluminium ends, and containing an axial electrode connected 
with an electroscope. The rate of leak due to the ionisation current was 
compared with tliat of a standard electroscope containing air, and after each 

♦ BarkU and SimonB, ‘Phil. Mag.,' Pebrdary, 1912} C. T. B. Wilson, ‘Roy, Soc. 
Proc./ June, 1812 ; Baikla and Philpot, * Phil. Mag.,' June, 1913. 

, f ‘Phil Mag.,' January, 1814. 
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experhnent the cylindrical chamber was filled with air, so that the fbnisation 
in air produced by the same beam of X-rays could also be measured. 

T]je effect of corpuscular radiation from the eud« of the chamber was 
reduced to a very small amount by lining the chamber with pure filter 
paj)er: it was measured by determining the ioniaatiuii produced when the 
chamber was filled with hydrogen. The ionisation with hydrogen filling the 
chamber is due entirely to the corpuscles emitted by the ends, and by 
deducting this amount of corpuscular radiation from that produced in any 
gas or vapour, the true value for the corpuscular radiation li Iterated in the 
gas by the X-rays is obtained. The value of this method in eliminating 
insulation leaks, if tliei’e are any, has been referred to in the previous paper. 

Jn order to obtain the c(»rpuacular radiation in a gas corresponding with 
a given amount of ionisation observed, it is necessary to know the ratio of 
the ionisation produced in the gas to that produced in air by equal quantities 
of corpuscles liberated (and completely absorbed) in each. This ratio, called 
the “ corjjuscular factor ” in the previous paper, was determined by using a 
short, wide chamber through which the homogeneous radiation from tin 
was passed. Inside the chamber, both back and front, was a reversible 
slide carrying a sheet of fine bristol-board coated on one side with gold leaf. 
These sheets could be mounted so as to allow the cor[>uscular radiation 
from the gold to enter the gas in the chamber, or, by reversing the sheets 
80 that the gold face<l outwards, the corpuscles were prevented from entering 
the gas. The intensity of the X-ray beam in the gas was the same in either 
case, having passed through the same layers of material, so that the ionisation 
due to absorption by the gas itself \\m unaltered. The difference between 
the ionisations in the two types of experiment was thus due to the liberation 
of a definite quantity of corpuscular radiation in the gas. A similar pair of 
experiments, using air, enabled the corresponding quantity to bo obtained for 
air, and thus the required ratio could be found. A small correction for absorp- 
tion is necessary in this typo of experiment also ; the method of correcting 
is given later (p. 343), 

The substances chosen for experiment were selected mainly on account of 
their suitability to the particular methods and apparatus employed, but in one 
or two cases special reasons were also present in making the selection. The 
experiments of Owen* and of Crowtherf on COa did not agree with the 
results obtained by Barkla and Philpot^! and it was considered desirable to 
re-determine the ionisation in COa and also its corpuscular factor, as a check 

* Owen, ‘ Boy. Soc. Prdc.,’ May, 1912. 

t Crowtber, *Camb. Phil, Soc. Proc./ February, 1009. 

I ‘ Phil. MagV June, 1913. 
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on the results obtained for the atomic corpuscular radiations of carbon and 
oxygen in the previous paper. l^*eliminary experiments agreed with the 
reBults obtained by Crowther and by Owen, but, on testing with silver nitrate, 
a minute trace of hydrochloric ncifi was lietected in the linal washing tower 
through which the (JOa was passed. When further precautions to remove all 
trace of HCl were taken, so that a tube of silver nitrate solution tlirough 
which the gas bubbled remained quite clear, the value was reduced to that 
obtained by Barkla and Thilpot and agrees exactly with the atomic results 
already obtained. 

The compounds of chlorine which were used give three different numbers 
of chlorine atoms in a molecule, and hence form a fair test of the atomic 
nature of the phenomenon under investigation. Carbon disulpliide was used 
as a convenient sulphur compound in order to obtain a value for sulphur, so 
as to fill up to a certain extent the flomewliat considerable gap) lietvveen 
oxygen and chlorine. 

In working with the different sulistances certain modifications of detail were 
made in the experiments according to the nature of the substance used. 
With the vapours whoso saturation vapour-pressure was less than atmospheric, 
a mixture of hydrogen and the vapour was used, the mixture being passed 
through a long spiral surrounded by ice, so that the vapour was saturated at 
0® 0. Hydrochloric acid and ammonia were each used at atmospheric 
pressure, as were also nitrous oxide and carbon dioxide. 

In the case of ammonia, and to a lesser degree with hydrochloric acid, 
insulation difficulties were met witli, vulcanite proving quiU* useless even if 
the chamber was dried with air over PgOft. The difficulty was, however, 
completely overconus by covering the vulcanite with paraffin wax, the 
insulation leak being practically zoto when this was used. 

In order to obtain thojutioof the amounts of corpuscular radiation liberated 
in equal lengths of the gas in question and of air, by X-ray beams of equal 
intensity, the following method was used; — Indicating the intensity of the 
beam by I, the ionisation per centimetre in any gas is AA^I, where A represents 
the corpuscular radiation liberated in the gas per centimetre by a beam of 
“unit*' intensity and k is the corpuscular factor for the gas. .The ooetficient 
of absolution in the gas being \ per cm., I at any distanco cm. from the 
incident end of the chamber will be 5 = loa^^^ lo being the intensity of the 
incident beam. The ionisation in the chamber, after deducting the small 
ionisation due to corpuscular radiation from the ends, is thus 
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For two gases (one air) the ionisation ratio observed (called E) is thus 

Ao '(l^r-V)\/ 

The quantity Ai/Ao is the ratio required, and is evidently given by 

Ai 

Ao 


ki 


r r — small. 

A*1 1 — i Alt 


For most of the Bubstanoes iised, X is not known, but from the work of 
Barkla and Simons and others, to which reference has already been made, it 
may be deduced that X is proportional to A (see p. 343). As a first 
approximation, \i/Ao can be taken as equal to E and an approximate value 
of Aj/Ao calculated. This value will be too low, but can be used to get a 
better value of Xi/\o, and hence by successive approximations the value of 
Aj/Ao can be obtained to a close degree of accuracy. 

In the rectangular chamber used for determining the corpuscular factor, 
the ionisation with the gold surfaces inwards would be 


X* being the linear absorption coefficient for tin radiation, ci the corpuscular 
radiation emitted at the first surface for a beam of unit intensity, and Ca 
the corresponding quantity for the second surface. With the gold surfaces 
facing outwards, the ionisation would be 

X 

t'a and c, being the corpuscular radiations from the cardboard surfaces for 
a beam of unit intensity: these quantities are very small indeed. The 
difference in the ionisation in the two cases is 


k {(ci— fa) 10+ (ca— c.) luC 

The ratio of the differences for a gas or gaseous mixture and for air is thus 


This reduces to 


{(gi— g8)+(ci--C4)e-V«| 

1 {(fil-C8)+(gS— ‘ 


or, neglecting ca and c., and taking \i7 and X»'Z small, the observed ratio is 
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The observed corpuscular factor being indicated by h\\ the true 
corpuscular factor is 

Jci = /r/ 4' ^ I* • 

The ratio ca/cj has been determined by Philpot* and is e<iual to 0*90. The 
value of Xo^ (for air) Is known, and the value of X' for the other snbstancfis 
was calculated as described above. 

In one or two cases, these corrections were large, as will be soon on 
comparing Columns V and VI in Table I, but there is no reason why they 
should not be reasonably acc; urate, and the corrected values of the corpus- 
cular radiations liberated correspondingly trustworthy. 

The value for the amount of corpuscular radiation liberated in tlie gas was 
in each case calculated for the amount of gas or vapour actually present. 
These values must then be reduced to what they would be at atmospheric 
pressure, for purposes of comj>arison. As, however, it has been abundantly 
shown that ionisation varies strictly in proportion to the pressure, f this 
correction is simple to apply. The values of Ai/Ao corrected for absorption 
and for pressure are given in column VII, Table I. 


Table L 


Substance. 

Pressure 

at 

wliiclj 
used, in 
cm. of Hg. 

I. 

loniHaiion 
in cyl. 
chamber 
corrected 
for ends. 
(Air «« 1.) 

Corpus- 

cular 

fa<?tor 

observed. 

k\ 

III. 

1 

True 

corpus- 

cular 

factor. 

k. 

IV. 

Corpuscles 
liberated 
from gas in 
chain bei*. 
(Air=.l.) 

V. 

Aj/Ag. 

VI. 

A|/A(, 

calculated 

for 

76 cm. of 
Ug. 

VIT. 

Nitrous oxide 

76 0 

1*32 

1*02 

1*02 

1*29 

1*32 

1 33 

Carbon di- 

oxide 

76 *0 

1*43 

\ *03 

1*02 

1*40 

1 *44 

1*44 

Ammonia 

76 -0 

0*42 

1-22 

1 *22 

0 *34(6) 

0 *33(3) 

0 *83(3) 

Carbon disul- 
phide (and ; 
hydrogen) 

12*8 

4*00 

1 -35(5) 

1*26 

8*17 I 

3*70 

21 *0(6) 

Chloxoform 
(and hydro- 
gen) 

6*6 

3 *22 

1 

! 1-01 

i 

1 

1*01(6) 

8*18 1 

1 

1 

1 

3*72 

43 *6 

Hydrochloric 

acid 

Ckrbon tetra- 
(dilonde 
(and hydro- 
gen) 

76*0 

8*6 

1*16(6) i 

1-16(5) 

7*41 

16 *2 

16 *2 

3*295 

2*44 

"1*07 

1 -07(6) 

2*27 

2*64 

68 *6 


* ‘Phys. Soc. Proc./ 19X4. 

+ Crowther, * Camb. Phil. Soc. Proc./ February, lOOD ; and Owen, * Boy, Soc, Proc.,* 
Hay, 1912. 
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The final values for Ai/Ao having been calculated for each of the gases 
at atinoH|>heric proHsure, equations were found expressing the corpuscular 
radiation in the gas (dr = 1 ) as the sum of the atomic corpuscular 
radiations of the constituents of the gas. Thus, if C, N, 0, S and Cl 
represent the amounts of corpuscular radiation from atoms of carbon 
nitrogen, oxygon, etc. respectively, air being taken as omitting unit quantity, 
we have ; — 

Nitrous oxide 2N-fO = 1'32 

Carbon dioxide..... C-f20 = 1*44 

Ammonia N-hoII ==: 0*.'j3(3) 

Carbon disulphide C + 2S = 21*95 

Chloroform C-f H-f 3C1 = 43*5 

Hydrochloric acid Hh Cl = 15*2 

Carbon tetrachloride C-f 401 = 58*6 


The values of C and 0 obtained in the i)revious paper were C = 0’2 and 
0 == 0'02 respectively. These agree exactly witli the value for carbon dioxide 
given above. Accepting these values for 0 and O, and considering H =5 0 
we obtain the following valucis : — 

From (1) 2N == 1*32— 0*62, whence N = 0*35 
similarly (3) gives N = 0*33 (3) N = 0*33 


(4) 

2S = 21-75 

S = 10-9 

(C) 

301 = 43-;! 

Cl = 14-4 

(6) 

Cl = 15-2 

Cl = 15-2 

(7) 

4Cl = 58-4 

Cl =: 14-6 


The extreme difference for both the nitrogen and chlorine values is less 
tliau 7 per cent. In the case of nitrogen the possible error was estimated a 
from 7 to 10 per cent, from the true value, on, account; of the relatively 
small value of the ionisations observed and of the difficulties peculiar to the 
handling of ammonia. For chlorine a similar range of en*or was estimated, 
on account of the large correction that has to be applied for absorp%)n, 
Tim errors are in no case 4 per cent from the mean, so that any difierenllii’ 
in the values obtained are well within the errors of experiment. ^ 

The value obtained for sulphur can be compared with that deduced 
the observations by Barkla and Philpot,* and shows a remarkably close 
agreement. For SlI, the ionisation (air = 1) for copper radiation is 14’7, 
the corpuscular factor is 1‘33, giving S+2H = ll-O, ix. S= ll'O. For 
SOji they obtained an ionisation 11’5 and a corpuscular factor 0'96, so 
that S + 20 s= 12’0, i.e. S = 10'8. This close agreement with the vjdue 

* ‘ Phil. Mag.,* June, 1918. 
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obtained in the present series of experiments for sulphur in carbon 
disulphide, demonstrates that the corpuscular radiation from the atom is 
independent of the chemical combination in the case of sulphur also. 

An interesting relation between the corpuscular radiation emitted by the 
atom in a given beam of X-rays and the atomic weight of the substance 
may be mentioned. It will l)e observed that the quantity of corpuscular 
radiation emitted increases very rapidly with the atomic weight. The 
values of these radiations irom the various elements otey very closely 
a fourth-})()wer law. This will be seen from the followihg Table, in which 
(Column 4) the quotient of the fourth power of the atomic weight, divided 
by the corpuscular radiation from the atom (air = 1) is given : — 


Table IL 


SubrttuHOO 
and aiomit* weight. 

Atom 10 oorpn soul nr ■ 
radiation (A.C.tl.), 
Air^T. 

(Atoinio weiglit)"* 

X 10-**. 

(Atoinio weight)^ , ! 

A.aR. 

Carbon (12) 

0 ‘2 1 

2 ’07 

10*3 

Nitrogen 1 14) 

0 -34 1 

3*84 

11-3 1 

Oxygen (H5) ^ 

Sulphur (32) 

0 ■03 i 

0*55 

10*4 

10*9 j 

104 -8 

1 9 -6 i 

Chlorine (35 6) 

14*7 ■ 

j 

15H’8 

10 -8 ; 

1 1 


The variation in the last column is not greater than 8 per (^ent. from the 
mean, and although this is fairly coneiderablo the agreement is of such 
a nature as to suggest that a fourth-power law is probably correct. Furtlier 
investigations are being prosecuted with a view to obtaining additional 
evidence on this point. 

The statement made on p. 340 that X is proportional to A, foT' a given 
substance subjected to a beam of X-rays of definite wave-length, is deduced 
from the results of Barkla and Simons’ and Barkla and Philpot's work. 

Total or equal absorptions of X-radiations in two gases produce ionisations 
i^he same ratio as the ionisations due to the absorptions of equal amounts 
electronic radiation in the same two gases. The energy of the X-radiation 
rabisorbed, therefore, is spent in the liberation of electronic radiation, in exact 
^)roportion to the amount of X-radiation absorbed, if indeed the whole of 
the energy lost is not converted into this form of radiation. If, therefore, 
we obtain a quantity of electronic radiation A per centimetre of length of 
path in a gas, when a beam of X-radiation is passed through it, we may 
conclude that the quantity of the X-radiation absorbed per centimetre is 
proportional to A, that the linear absorption coefficient X in the gas is 
proportional to A. 
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This being so, the coefficient of absorption for & given type of radiation in 
a gas will be atomic, even as A is atomic, a result obtained by Benoist as 
early as 1901. Also, the absorption due to any atom will vary directly as 
the fourth power of its atomic weight. The importance of this law is 
considerable, as it vrill enable the coefficient of absorption for a given type 
of radiation in any gas or vapour to be calculated, provided the coefficient 
of absorption of that radiation in air or some other gas has been obtained. 

This fonrfch-power law is not limited to gases and vapours, Prof. Bragg and 
S. E. Pierce* having recently shown that it is true for solids. In their work, 
the coefficient of absorption is compared with the fourth power of the 
atomic number of the absorbing element, an approximately constant relation 
being found between these quantities for a number of elemental solids. 

The results obtained in the present paper are not sufficiently accurate to 
differentiate between the two suggested laws, and the fourth power of the 
atomic weight has been used in the calculations, to indicate the sort of way 
in which the atomic corpuscular radiation and the atomic absorption 
coefficients vary, and not as claiming an absolute law. 

Whichever of these* laws is true, it holds for both vapours and solids ; it is 
therefore doubtless true for liquids also, and hence it should be, possible to 
calculate the absorption coefficients in any material whether solid, litjuid or 
gaseous. 

Preliminary calculations on this assumption suggest that it is of quite 
general application, provided the homogeneous radiation of the absorbing 
element is not excited : the whole .question is under further investigation. 

Oimdusims a7id Ahdrari, 

In a former paper it was shown that, for carbon aud oxygen, the number 
of coq)Uscle8 liberated from an atom by a beam of X-rays was the same 
whether the atom is in combination or not. This conclusion has been 
extended to the cases of nitrogen, sulphur, and chlorine, a close agreement 
being obtained for each of these in two or three different combinations 
respectively ; the values previously obtained for carbon and oxygen have also 
been corroborated. 

In addition, it is shown that the atomic corpuscular radiation, the 
corpuscular radiation from an atom, is approximately proportional to the 
fourth power of the weight of the atom, the deviations in the observed 
values from this fourth-power law being of such a charaetpr as to suggest 
that they are merely due to experimental errors. 


♦ ‘ Phil. Mag.,* Octolw, 1914. 
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’ From the observations of Barhla and Simons and Barkla and Philpot, it is 
shown that the coefiRcient of absorption of a beam of X-radiation in a gas 
is proportional to the quantity of electronic radiation liberated from the gas, 
and hence the X-radiation absorbed by an atom of a given element will also 
be proportional to the fourth power of the weight of the absorbing atom. 
Eecent experiments of Bragg and Pierce show that a similar law holds good 
for elements in the solid state, and is therefore probably of universal 
application; it should therefore be possible to calculate the absorption 
coefficient of any material, provided its homogeneous radiation is not excited. 

These points are under further investigation. 

1 should like to e.xi)re8S iny indebtedness to Prof. 0. W. Eichardson for the 
interest he has taken in these investigations, and for the facilities he has 
provided for their furtherance. 


Deep Water Waves^ Progressive or Stationary^ to the Third 
Order of Approximation, 

By Lord Eayleigii, O.M., F.E.S. 

(Eeceived March 26, 1915.) 

As is well known, the form of periodic waves progressing over deep 
water without change of type was determined by Stokes* to a high degree 
of approximation. The wave-length (\) in the direction of x being 27r and 
the velocity of propagation unity, the form of the surface is given by 

y = aco8(a!— /)— Ja*cos2(ir— ^), (1) 

and the corresponding gravity necessary to maintain the motion by 

( 2 ) 

The generalisation to other wave-lengths and velocities follows by 
“ dimensions/* 

These and further results for progressive waves of permanent type are 
most easily arrived at by use of the stream-function on the supposition that 
the waves are reduced to rest by an opposite motion of the water as a whole, 
when the problem becomes one of steady motiomf My object at present is 

* *Camb. Phil Trona./ vol, 8, p. 441 (1847) ; *Math. and Phya. Paj>er8,* voL 1, p. 197. 

+ ‘Phil. Mag./ voL 1, p. 257 (1876); ‘Scientific PapeiV vol 1, p. 262, Also ‘Phil. 
Mag./ vol 21, p. 183 (1911). 
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to extend the scope of the investigation by abandoning the initial restriction' 
to progressive waves of permanent typo. The more general equations may 
tlien be applied to progressive waves as a particular case, or to stationary 
waves in which the principal motion is proportional to a simple circular 
function of the time, and further to ascertain what occurs when the 
conditions necessary for the particular cases are not satisfied. Under these 
circumstances the use of the stream-function loses much of its advantage, 
and the method followed is akin to that originally adopted by Stokes. 

The velocity-potential being periodic in a;, may be expressed by the series 

= ai;“y8inx — aVry co8.r-f/9r“^ sin 2a^ 

76'“*'^ sin .‘1 ,v — cos (3) 

where a, a', etc., are functions of the time only, and y is measured down- 
wards from mean level. In accordance with (8) the component velocities 
are given by 

u = cosaJ-f a'sin.)i;)-|- 2<?“'^(/9cos 2;r-f-y3' sin 2a‘)-l- ... 

— V = d<l> / dy = (« sin x — u cos x) -f (/8 sin 2 — yS' cos 2ic) -f . . . 

The density being taken as unity, tlie pressure equation is 

p = + A W 

in which F is a function of the time. 

In applying (4) we will regard a, as small quantities of the first order, 
while yS', 7, 7', arc small quantities of the second order at most ; and for 
the present we retain only quantities of the second order. yS, etc., will then 
not appear in the expression for In fact 


and 




2?= — cosflj— 

'■ di dt dt 


+^y_|c-3y(«»+»'a)+F. (5) 

The surface condiiious are (i) that p be there zero, and (ii) that 

^ = * + .,*^.,^ = 0 . ( 0 ) 

J)^ dt dx dy 

The first is already virtually expressed in (5). For the second 

dp dot. dot' • 

“ “tTT® “'cos.T — —6 Vaina;— 


dt 


dt 


^ e~i'co8»+...+^+e"^ («• + «'*). 
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In forming equation (6) to the second order of small quantities we need to 
include only the principal term of u, but d must be taken correct to the 
second order* Ah the e(]uation of the free surface we assume 

y = a COB X 4- d' sill a; 4- & cos 2a; 4- V sin 2a; 4- c cos 3a; 4- c' sin 4- . . , (7) 

in which h, h\ c, c\ are small compared with a, a\ Thus (6) gives 

(1 — acosa— a sinaO I sm 4* cos a; ) — ^sin2a; 

\ Ctv Cf>C / Ctv 

,dfg' o '‘“y ■ -1 .‘i’T 

“"■’*+ S'" 5?-“ ■ar+‘ 


— ( a COS x + Cl' sin x) cos x 4- ^ sin a; j — { ( 1 — a cos a: — a' sin x) 

X (a sin a;— a' cos a;) 4- 2y3 sin 2a.;— 2^' cos 2a;+ Sysiu 3a;— 37 ' cos 3a;;} 

da 


da' . 


r da . 


I" 


da' 1 . 

-—COS a; V = 0. 

dt f 


(S) 


This equation is to hold good to the second order for all values of x, and 
therefore for each Fourier component separately. Tiie terms in sin a; and 
cos X give 

The term in sin 2x gives 
(P0 


dt» 


+ 2!jfi: 


In like manner 




o 

II 

o' 

II 

(9) 

r/d^cL , \ a' fd^ct' . A ^ 

(10) 

gives 


'^+■2, 8' - 0. 

(11) 

o' 

H 

o 

II 

(12) 


and 80 on. These are the results of the surface condition Dp/Dt = 0 . 
From the other surface condition (p =s 0 ) we find in the same way 


1 

4- 

II 

O 


(13) 

, , , a' da' 

1 

II 

i5<i 

(14) 

«!, a' da ada' 

^ dt 2 dt 2 dt 


(16) 


o 

If 

(16) 
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From equations (9) to (16) we see that a, a\ satisfy the some equations (9) 
as do «, flt', and also that c, c\ satisfy the same equations (12) as do 7, 7' ; but 
that //, are not quite so simply related to 

Let us now suppose that the principal terms represent a progressive wave. 
In accordance with (9) wo may take 

a = A cos t\ a* = A sin t\ (17) 

where f Then if /3', 7, 7', do not appear, c, d, are zero, and 

h = I A®(sin®^' — cos^^'), y ss: — A^cos^'sin^'; so that 

y = Aoo8(.r— JA^cos2(a?— (18) 

representing a permanent wave-form propagated with velocity ^/y. So far 
as it goes, this agrees with (1). But now in addition to these terms we may 
have others, for which V need only to satisfy 

{iPldC^^^2){h,V)^Q, (19) 

and t*, c\ need only to satisfy 

((Pldd^ + 3)(e,c') = 0 . ( 20 ) 

The corresponding terms in y represent merely such waves, propagated in 
either direction, and of wave-lengths equal to an aliquot part of the principal 
wave-length, as might exist alone of infinitesimal height, when there is no 
primary wave at all. When these are included, the aggregate, even though 
it he all propagated in the sarne direction, loses its character of possessing 
a permanent wave shape, and further it has no tendency to acquire such 
a character as time advances. 

If the principal wave is statioTiarp we may take 



a A cos i\ a' = 0. 

(21) 

If /3. /3'. % 7 

', vanish, 



6= = C=r 0, C^=:0, 


and 

y = Acosa; . cosT — JA®coB2:r . cos*^'. 

(22) 


According to (22) the surface comes to its zero position everywhere when 
cos i' = 0, and the displacement is a maximum when cos f' = ±1, Then 

y s= ±Acob«— JA* eos2a;, (23) 

so that at tliis moment the wave-form is the same as for the progressive 
wave (18). Since y is measured downwards, the ma^dmum elevation above 
the mean level exceeds numerically the maximum depression below it 
In the more general case (still with etc., evanescent) we may write 

a = A cos -f B sin a' » A' cos t* -f B' sin t\ 
with 6' = — oa', t xs jf (a'*— a*), c' « 0, 0 « 0. 
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When yS, y, y\ are finite, waves such us might exist alone, of lengths 
equal to aliquot parts of the principal wave-length and of corresponding 
frequencies, are superposed. In these waves the amplitude and phase are 
arbitrary. 

When we retain the third order of small quantities, the equations 
naturally become more complicated. We now assume that in (3) /?', are 

small quantities of the second order, and 7, y\ small quantities of the third 
order. For p, as an extension of (5), we get 

^ sin a? sin 2a;4-^ cos2a;^ 

4.^-3^ ^sin 3,^7 cos 

— 2c“^y {(ay94a'/3')c08St’-f (a/3' — a'y3)8ina:}. (24) 

This is to be made to vanish at the surface. Also we find, on reduction, 

= (l-y + Jy*) + .9“) sin +//«') cobs:} 

+ (l-2y) 2^^)8in2*-(‘^' + 2y^')coB2^-} 

■f" ^97^ ®in cos 3a; —i 

+ 2 (1 - 2y) (« g + «' 4 sitta; I («/3'- «'/9) 

-f 4 COS a? ^(ay8' + a'/3) + («^-h sin ar— a' coSix) ; (25) 

cct * 

and at the surface Dp/Dt = 0 for all values of a;. In (26) y is of the form 
(7), where />, b\ are of the second order, c, c\ of the third order. 

Considering the coefficients of sin x, cos x, in (25) when reduced to 
FourieFs form, we see that cPa/cW^ga, d^oL are both of the third 

order of small quantities, so that in the first line the factor (1— y + i^y*) may 
be replaced by unity. Again, from the coefficients of sin 2x, cos 2x, we see 
that to the third order inclusive 

= 0. , + 2gfi' = 0. (26) 

and from the ooeffioients of sin 3a;, cos 3a;, that to the third order inclusive 

1^+357 sa 0, ^ + 


( 27 ) 
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And now returning to the coefficients of sin cc, cos x, we get 

•^+ya-2a'“ + + — = 0, (28) 

+ = 0. (29) 

Passing next to the condition p = 0, we see from (24), by considering the 
coofficienis of sin x, cos that 


jU 

dt 

dt 


-f terms of 3rd order =r 0, 
+ terms of 3rd order = 0. 


The coefficients of sin 2ai, cos 2x, require, as in (14), (15), that 


0 = — ^—aa , 
d di 


1) = J -I 

(j d t 2 


Again, the coeffioiente of sin 3^, co8 3,x, gi ve 

,•' = 1 _ I {a'h + aV) + #«.' (a'»- 3a»} 

(j di 




di 2 di 2 dt J 8 


- - ^ + 1 («'?/-«'>) + ~ (M a'^'-n*) 

lit O 


(30) 


(31) 


-7j\ dt^TTi^^^S 8 ^^“' 

When /9, /8', 7, 7', vanish, these results are much simplified. We have 

V = ~aa', 6 = J(a'»-a»). (33) 


_5|!(a'!<_3a*). 


.^(3a'»-rt»). 

8 


(34) 


If the principal terms represent a purely progressive wave, we may take, as 
in (17), 

a =! A cos id, a' = A sin nt, (35) 

where n is for the moment undetermined. Accordingly 

h' =s -■JA®8in2«<, h = — |A*oo82w<, 

c' = I A®8in ini, e = ^A*co83wt ; 

so that 

y = Aoos(a!— mO— iA*oo8 2(a!—rr«)+|A®co8 3(»— wf), (36) 

representing a progressive wave of permanent type, as found by Stokes. 
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To determine n we utilise (28), (29), in the small terms of which we may 
take 




(it 


.2^ 


sin w/, 


HO tliat 
Thus 
and 


« ) = 0 , 

“ = ,9+</*A»/»»® = 1^(1+ A*), 


<P{oL, a') / «3A»' 


(37) 

(38) 


or, if we restore honiogeueity by introduction of fc(=K 2vl\), 

u^==g/k.(l + l^A»). 

Let us next supjKJse that the principal terms i'ej)resent a stationary, instead 
of a progressive, wave and take 

a = A cos fit, a' = 0. (39) 

Then by (33), (34), 


and 


1/ = 0, h = — ^A^cos^w^, c =0, r = |A'^coh'^vU; 


(40) 


== A cos nt cos jr — | A^ cos* nt cos 2 a! + 1 A**' cos^ nt cos 3a:. 

When cos?ij5 = 0, y = 0 throughout; when coh?w{ := 1, 
y = A ooH a; — i A* cos 2x -\- 1 A^ cos 3x, 

• so that at this monioiit of maximum displacement tlie form is the same as for 
the progressive wave (36). 

We have still to determine n so as to satisfy (28), (29), with evanescent 
/3, Tlie first is satisfied l)y a = 0, since a* = 0. The second becomes 

dt 

In the small terms we may take a = --y^adt r= —'5^ mi )d, so that 

tftj ,JA3 

+ (/«' +'^^(8in nt + 5 sin 3 nt) = 0. 

(it* 

To satisfy this we assume 

«' s= H sin + K sin ZM. 

Then K;(^-9 «»)h-£^‘= 0, 

from the first of which 


« . ^A'^ g^A* 

or, if wo restore homogeneity by introduction of k, 
TOL. XCI.— A. 


(41) 

(42) 


2 E 
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With this value of n the stationary vibration 

y -ssti A cos nt cob kA^ cob^ nt cos 2 lex + cos® nt cos 3 kx, (43) 

satisfies all the conditions. It may be remarked that according to (42) the 
frequency of vibration is diminished by increase of amplitude. 


The special cases above considered of purely progressive or purely stationary 
waves possess an exceptional simplicity. In general, with omission of 
equations (28), (29), become 


and a like equation in which « and are interchanged. In the terms of the 
third order, we take 


a =: P cos nt^Q sin nt^ a P' cos nt -4- Q' sin (45) 

so that 

-f(PQ4-FQ')Hm2n^. 

The third order terms in (44) are 

^ (pa ^ p^a 4 . Qa 4 . Q^a) (p eos nt -f Q sin nt) 

+ 2 008 nt cos 2n< P (P*+ (PQ+P'Q')]- 

+ 2 sin nt sin 2nt -j^iQ (PQ + FQ')-~(P*H- P'^-Qf-Q'*) j- 
+ 2 sin nt cos 2nt { i Q (P»+ P'a_Q>_Q'»)4- (PQ + P'Q') } 

+ 2 co 8 Mf sin 2nt j^^P(PQ + P'Q') + 2 ^(P»+P'*-Q»-Q'»)| , 

of which the part in sin nt has the coefficient 

Q { i (P» + P'») + i (Q* + Q'»)} + i P (PQ + P'Q') 

+«»/?• {Q 0’*+ I’'*-Q®--Q'*)-2P (PQ + P'Q')} , 

or, since = g approximately, 

Q {| (P* + P'») ~ i (Q» + Q'»)} - J P (PQ + P'Q'). (46) 

In like manner the coefficient of cos is 

P {|(Q*+Q'*)-i(F*+P'*)}-iQ(PQ+P'Q'). (47) 

differing merely by the interchange of P and Q. 

But when these values are employed in (44), it is not, in general, possible, 
with constant values of 1’, Q, P', Q', to annul the terms in sin wf, cos Jif. We 
obtain from the first 

w* =« S'+Hl”+F'*)-i(Q*+Q'‘')-|^(PQ+P'Q'), 


( 48 ) 
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and from the second 

«*»ir+|(Q*+Q'»)-i(P»+P'*)-||(PQ + FQ'); (49) 

and these are inconsistent, unless 

(PF + QQ')(PQ'^FQ) == 0. (60) 

The latter condition is unaltered by interchange of dashed and undashed 
letters, and thus it serves equally for the equation in 

The two alternatives indicated in (50) correspond to the particular oases 
already considered. In the first (PP' -f QQ' == 0) we have a purely progressive 
wave and in the second a purely stationary one* 

When the condition (50) does not hold good, it is impossible to satisfy our 
e<j[uations as tefore with constant values of n, P, Q, P', Q' ; and it is perhaps 
hardly worth while to pursue the more complicated questions which then 
arise. It may suffice to remark that an approximately stationary wave can 
never pass into an approximately progressive wave, nor vic€ verad. The 
progressive wave has momentum, while the stationary wave has none, and 
momentum is necessarily conserved. 

When /8, y, y\ are not zero, additional terms enter. Equations (26), 
(30), show that the additions to h\ vary as the sine and cosine of \/{2g) . t, 
and represent waves which might exist in the complete absence of the 
principal wave. 

The additions to c, are more complicated. As regards the parts 
depending in (31), (82), on dyjdt^ dy'fdt, they are proportional to the sine 
and cosine of {Sgf) . t, and represent waves which might exist alone. But 
besides these there are other parts, analogous to the combination-tones of 
Acoustics, resulting from the interaction of the /S-waves with the principal 
wave. These vary as the sine and cosine of . {v/2±l} t, thus possessing 
frequencies differing from the former frequencies. Similar terms will enter 
into the expression for 7t^ as determined from (28), (29). 

In the particular case of vanishing, even though 7, 7' (assumed still 

to be of the third order), remain, we recover most of the former simplicity, 
the only difference being the occurrence in c, of terms in ^ {Sg) . t, such 
as might exist alone. ^ 
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Discontinuous Fluid Motion past a Bent Plane y with Special 
Peference to Aeroplane Problems, 

By G. H, Bryan, ScJ)., F.K.S., and Kobkrt Jones, M.A. 

(Received November 26, 1914.) 

The following investigation is based on the Kirchhoff-Helniholbz theory of 
discontinuous sti^eain-line motion of a fluid moving through an orifice or 
past a barrier. The problem is two-dimensional and the fluid is assumed to 
be fricfciouless and incompressible. 

The question has been discussed fully by Sir G. Greenhill, F.R.S., in his 
report to the Advisory Committee for Aeronautics, and in his book on the 
Dynamics of Mechanical Flight. He considers at length the fluid motion 
past a barrier, but in what follows a bent barrier will be considered, 

Greenhill refers to a problem similar to this, where the stream is supposed 
to divide at the bend. The present case can be reduced to that one, by 
making two parametric angles equal (P = B). 

Integrals are obtained giving the lengths of and thrusts on the planes, and 
by means of approximate methods these will be evaluated. It will also be 
shown how these integrals can be evaluated exactly, but the expressions to 
which they have been reduced ai*e so long that they cannot be of great value 
in investigating sjKicial eases. 

The results anived at will be used in finding the lift and drift on the surface, 
and the relative advantages of planes bent at different angles and along 
different lines (parallel to the edges) will be considered. 

i'bo surface to be the main plane of an aeroplane, and the fluid 
to be air, the numerical results caainot be expected to be strictly quantita- 
tively correct, inasmuch as the motion is supposed two-dimensional and the 
fluid here considered is etssumed to be frictionJess and incompressible, which is 
by no means true for actual fluids. Consequently, instead of a region of dead 
uater, separated by a surface of discontinuity from the moving part, eddies 
are set up in the wake of a surface moving through air. 

' Qualitative conclusions can, however, be drawn, and the effect of camber 
compared for various planes, and in this respect our results appear to agree 
with experimental results. 

§ 1 . List of the Functiom employed. 

Although the theory of discontinuous motion is well known and explained, 
not always very lucidly, in text-books, it will be convenient to briefly 
summarise the functions and transformations employed, as follows : — 
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z=:^x + iy\ X and y are the co-ordinates of a point in the z diagram, being 
a representation of the cross section of the planes and the fluid. 

It? j=: ^ -f ; 0 velocity potential, stream function. In the w diagram 
lines parallel to the real axis represent the strciim-liuefl. 

f n: Q(dzfdw), where Q is the velocity at infinity, 

mod f = Q/q, where q is the resultant velocity at any point, 
arg f the directional angle of this velocity, 
fl " log f =r \og{Q/q)^tO. 

In the 11 diagram fixed straight boundaries are represented by the lines 
6 constant parallel to the real axis, and free boundaries of surfaces of discon- 
tinuity by straight lines parallel to the imaginary axis (since by the pressure 
equation q is constant) usually by the imaginary axis itself log (Q/$)=0 
corresponding to y = Q. 

In* the case of a stream of infinite breadth impinging on a single barrier, 
and dividing, at a point P in the barrier, into parts flowing past the two sides, 
the dividing stream line in the w diagram invariably takes the form shown in 
fig. 3 (§ 2 ), and it is necessary to apply the transformation ^ in order 

to reduce the diagram to the form of fig. 4 (§ 2 ), the angle between PD and 
PE thus being changed from 360 ® to 180 ®, 

This transformation is, of course, a case of the Schwarz-Christoffel trans- 
formation 

df^jdt = const. ,* 

by means of .which points on the sides AB, BO, , A of a closed rectilinear 
polygon in the 12 diagram are represented by points on the real axis in the t 
diagram ; a, Z?,c, etc., corresponding to the comers A, B, G, etc., of the polygon 
at which the internal angles are a, 7, etc. Points within the polygon are 
represented by points in the positive half plane in t. 

As t increases through the value a say the corresponding factor of the 
modukts changes from(rt — to Le, a factor (-—I ^ is added 

to diljdt, so that the argument in the SI diagram changes by ir— a. 

The formula can of course be written 

dSljdt = const. 

etc., being the external angles corresponding to «, y9, etc. 

If we assume then that the relations connecting w and t, and f 2 and are 
known the problem is solved. 

Let dwjdt == F (i), dSl/dt = G ( 0 , 

n zc logf = logidzfdw), when Q = 1. 

* Fomj’th, ‘Theory of Functions,’ § 267 (IfKX)). 


2 F 2 
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But 

Therefore f ie, dzjdw = 

Tlierefore dzjdt = F (<), 

which gives a relation lietween the length of the plane and t 

0 I fdz 

For the thrust we have (p — dt, taken over the front and Imck of the 

J ! dt 

plane, so that if the density of the fluid be p, the thrust is 
|j(l— 7*)|^|<*'. whenQ = l. 

§ 2. Tiic Theory of Di&continuous Motion A'p;plied to a BctU Plane, 

After having given a list of the functions employed, we proceed td use 
them to find the thrust on a bent lamina. 

Let ABC be a section of the lamina, the relative motion of the fluid being 
denoted by the arrows (fig. 1). Let a and ^ be the angles AB and BC respec- 
tively make with the direction of the fluid at infinity. Let P be the point 
at which the stream divides. 



Fig. 1. 


The velocity vanishes at P. The velocity also vanishes at the bend B,^ 
and must therefore have a maximum at some point E in BP. 

Let Q = 1 (until § 6), then 

If ^ = a along PB, 0 ss ^ along BC and tt along PA, 

At D and E (? = 1 and 5 = 0, and = 0 at P and B. 

Consequently the fl diagram is as shown in fig. 2, 


* Lamb, ‘ Hydrodynamics* g 63 (1906). The angle ABC (above, fig. 1) <ir. 
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T' 

e-P 

c 


e-«f 

p 

E 



y 

A 

0 <• cc •'M 


Fio. 2. 


■w — is represented in fig. 3, and we assume the integration constants 

so chosen that w = 0 at P. 




K 


B 


1 ) 


£ 


Fio. 3. 


Finally, with t—p = ■s/w, we obtain the t diagram, as given in fig. 4. 

E at 00 A P I R B C D at oo 

Fio. 4. 


The Schwarz-Christoffel formula is now applied to transform thefl diagram 
to the ( diagram. In this case it is 


dil const. (<—r) 

dt (t—b)(t-^p)^((—a)(f—o)’ 


where t = r, b, p, a, and c are the values of ( at R, B, P, A, and C 
respectively. 

Splitting up by partial fractions and putting y ss l/(^— &) in one case, and 
as Ij^t—p) in the other, and integrating we have 


n = Ai log 


v/(<— ffl)(e— 5)4v/(<— c)(«— f>) 

y/(<— &)(«—«) 


+ A, log ^ («-P) . 

^{t-p){c-a) 


( 1 ) 


Referring now to the fl and t diagrams, figs. 2 and 4, it is evident that as t 
increases through P, O increases through w, and as t increases through B, 
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O increases through /9— a. Now, calling fi—» = irl2v and neglecting the 
constant factor which occurs throughout, we may write 


^ \/{t—b)(c—a) 


+ hog 


-- g) (c — h) 4- ^/(t —c)(a^ b ) 


( 2 ) 


IM us now choose the scale of representation so that c— a = 1. Then for 
c > i > a there is a real angle U between 0 and ^-tt, such that ^ — ^ == cos® U 
and a rs ain®U* 

This gives us 


i. 1 /; r= ((^py == (8in®U-sin®P)® = 8in®(U-f P)8in®(U-P). 

ii. 6)-f y^(^— c)(a— J) = 8in(lJ4-B), and so on. 


Consequently, 


XI = log 


sin (U -HP) . i_ io_ Bin(U-fB) 
8in(U-P) 2 k ^ain(U-B)‘ 


(3) 

(4) 


The Angles of Attack , — By the term the “ angles of attack we understand 
the angles the two parts of the bent plane make with the direction of the 
stream at infinity. 

Any particular plane has the following characteristics : P, B, and v, B 
depends on the ratio of AB to BC (fig. 1) and v on the angle between AB 
and BC. We now proceed to find an expression for P by considering the 
angles of attack. 

AB will be henceforth called the front piano, and BC the rear plane. 

Now 

V^(f— f»)(c— a) 

y/{t-p){c-a) 

First of all, when c > < > 4 it is evident that, with c > & > the right- 
hand side of the above equation is real, therefore 


0 = 0 . 

This is along the rear plane. ' 

Again, when ^ > p, the part whose coefficient is Aa is real, whereas the 
other is imaginary and = Ailog(l/i). 

Therefore 0 = Ailog(l/t) = — Ai7r/2. 

This is along PB. Finally, p > ^ > a gives us 

0 = (Ai -}- Aa) log (1 ji) = — { Ai -f Aj) 7r/2 

along AP. 

♦ Cf, Greenbill ‘The Dynamics of Mechanioal Flight.’ 
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From fig. 5 we see that if 0 = 0 along BC, the values of 6 along BP and 
AP afe and respectively, giving 

Ai = 1/v and Aa = 2, 

as tefore. 



Again, for ^ = oo , 

a = A, 

v^(c-a) v^(c“») 

= Ai log (cos B -f sin B) + Aa log (cos P -f ^ sin P) 

Hence 0 = 2Pd-B/p. (6) 

This, then, is the angle of attack on the rear plane. 

We will confine ourselves to positive angles of attack. The angle of attack 
on the front plane is 

2P + B/v-^7r/2v. (6) 

This is by assxunption positive. 

Hence 2P> 7r/2v--B/i;. (7) 

Hence the stream must divide beyond a certain point defined by 

2P = i7r--B/v, 

which is the limiting position in the case of the front plane being placed 
parallel to the direction of the stream at infinity. 


The Dngths of the Planes, 


The lengths of the planes are given by j dt and -j: dt. Considering 

Jo Jfc ^1 


’*^1 dz 


* the latter, it can be written in the form T ] ^ | or. since 0 = 0 along the rear 


plane and z real, in the form 1 dt, and denoting the values of z when 

" ** m 

U =s B and Jtt respectively. 

Now l^tadzldio, and w = (sin’U— 8in*P)* ; 
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therefore 


L* (the length of rear plane) = 4j*^8in U cos U sin (U 4* P) sin (U— P)rfU. 

Substituting for ^ from (4) logf = O, it is immediately reduced to the 
form 

La = 2 (tin* (U + P) 8in2U ( dU. 


JB 

rB 


L8iu(U-B)J 

r8m(B + U)'\ 

in(B-^U)J 


Similarly Li = 2 J sin^ ( U + P) sin 2 U 
for the front plane. 

The Pressures m the Planes, 
The pressures are given by 


i/i»p 


dU. 


( 8 ) 

( 9 ) 










I dz 
\ dt 


dt, p = density of fluid. 


We first of all proceed to find fhe rear plane. This and the 

corresponding integrals will be called the Pressure Difference Integrals. 

<9 ss 0. as before, along the rear plane, hence we write 

Proceeding as in the case of the lengths, we obtain 


and, similarly, 




( 10 ) 

( 11 ) 


§ 3. Further Application to tlm Case of a Plane vdth more than One Bend. 
Suppose now that we have a plane bent at several points A», As..., A...., 
A,_j. Let the angles the parts AiAs, AsA., ArA,*,..., A.-iA*, make with the 
direotion of motion of the fluid at infinity be «s, «r, respectively. 

Let the point P where the stream divides be situated between A, and 
Ar+i, and the points of maximum velocities be R*..., Rr. R'r. Rr+i---. 
respectively. 

AiE aud A«T) are the free stream-lines along which s' = 1 as before 
The 2 , Cl, w, and t diagrams are as shown in figs. 6, 7, 8, and 9. 
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Pr» pV, pr+i coirespond to the values of t at Ha, R,., RV, Rr+i, and the 
a’s to the values t corresponding to the A's, 

For inore bends in the plane additional factors would be inserted in the 
numerator and denominator of this expression. 

Now, putting aa— = 7r/2pa, ar+i — ar = ^/2rr, etc., we have, on 
splitting up the right-hand side of this equation by means of partial fractions 
and determining the constants as in the pievious case, 


dil _ 1 ^ a„)(a2-rti) 


-h 




v/(QiT+I"^g,») (Or+i — ai) 


2Vr ^r) 2z/t‘+l i)y/(^ 


I 1 V Vn-1 — ^it) «l) 


( 12 ) 


Integrating as before, and remembering that ^ we have 

8 


/a /K — + — fl|»n ^ 

L •-«;») J 


r=.8 L \/{an-ai){t-ar) J 


To find the angle of attack on the part A,i+iA„ (fig. 6), put ^ oo in the 
equation for 11 (not given here, but obtained from (12) by integi'ation). 

n = 2 loK v/(«»-«^)+ i log l/(«.-«r) + x/(«l-ffr) 

\/(«" — «l) r = a t'r * 

Now, a„ > a»_i > ... > «r+i > «r > ... > «!, hoiico the imaginarj part of 
this expression 

-i(2 “£~‘~ tan->A . 

V xdft'^Ctp/ pf. V \dn'~~dr/ J 

or usin'} the same artifice as before (8, § 2) 


/ ra:«~l ^ V 

= f2P+ S -Ur). 

\ ras 2 i 

where Ur is the value of U corresponding to dr* 

Therefore 0 == 2P-f 2 ~ Ur (compare 5, §2), 

r «8 Vt 

B is known from the conditions of motion about any particular plane, 
Ui, ..., U„-i are also known (depending on the points at which the section of 
the plane is bent) ; hence P can be determined. 
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§ 4. Reduction of the Iniegrak, 

When 1/2*^ is an exact fraction Ijn say, the integrals are reducible to finite 
form. 

Taking, for example, the integral 

A -4^* 8m(U4'B) - 

and writing — u 

^ siu(U— B) 

it will be seen, by expanding tlie first two factors of the integrand in powers 
of sin U and cos IT, that the integral can be expressed as the sum of integrals 
of the form 

I sin^® U cos^ WrfU, where ^4-(? = 4, 

If we now change the variable from U to z, we have 


tan U _ 4- 1 

tan B — ] * 


(lU 


cos U = 


(4:"— 1)C08 B 
^/(^a«_2^»cos2B + l) 


, and 


— sin 2Bdz 
COB 2B-f 1 


sin U 


(g^ + l)BinB 


cos 2 B + 1 ) * 


The integrals are all thus reduced to those of rational fractions having as 
denominator 2«**cos2B-|- 1)^ and as numerator integral powers of z, 
and these can easily be integrated by means of partial fractions* While the 
functions involved liave been shown to be integrable,” the results are 
obviously far too cumbersome to be suitable for the purpose of calculation, 
and w’e therefore have recourse to approximate methods of integration. 


§ 6 . Approximate Evaluation of Integrals. 

Simpson*8 Eules will be used to evaluate the integrals where they are 
applicable, but it is evident that in the neighbourhood of IT «» B, they fail* 
The following method will consequently be used near U = B. 

Co„«d.r j,W(0-P),m2U 

Put U— B = a;, and the integrand becomes 

When a; -• 0 (i,e. U — » B), sin" x -* x", and we may write F (x) = x"*^ (x). 

4) (x) is now expanded in powers of x, being finite and continuous within 
the limits, and F(x) = (Ax**+Bx“'*‘*+Cx'"**+ ...) = y. 

Let yi be the value of y [ = F (x)] when x = A, 
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rrh 

Suppoae y (to be required) = (I’lyi + . . . -f IVyr) h 

Ju 

= (Pi + 2«‘P3 + . . . + rH\) + 2«-^^P3-h ... 4- r”''^n\) + . . . 

But [ydx = A(rA)”‘“‘‘^/(m+ + 2)4* ... . 

Jo 


Therefore Pi 4* ^"‘Pa 4* ^"‘Fg + . . . 4- r”‘Pr = ^ (m + 1), 

Pi4-2'"*^^Pa4-3'"'‘‘^P3 4 ...4'r»«**'‘P,. = r'«+V(^4“2)» and ho on. 


which, when solved, give the values of P. 

In the cases that will be given the lengtlis and pressures have been 
calculated for values of m = 1/12, 1/18, 1/36, 1/180, and 0, corresponding to 
angles 7r/2v= 15®, 10®, 5®, 1®, and 0® between the planes, and r has been 
taken =: 2 giving then 

Pi = 2’^*'^ + 1) {m + 2), 

P3s=2«f/(m4*l)(^rt+2). 


The formula here derived, then, will be used in the immediate vicinity of 
B, from B to Bi say, on the front plane ; 0<Bi<B ; and from B to B» on the 
rear plane, B<(B3«<^7r. One of SimpsoiVs Eules will be used for the 
evaluation of the integrals between Bi and 0, and Ba and ^tt, the intervals 
being 5® 


r« 

To test the accuracy of this procedure, the integral J has been 

evaluated and found to be P65, as compared with the true value ^tt = 1*57. 
The error is, therefore, about 1*5 per cent, with these intervals. 

In applying our rules to the integrals, there ore two ways of proceeding. 

{a) Certain fixed values can be given to P and B, P having, of course, to 
satisfy the condition assigned to it in (7), § 2, and tlie total lift and drift 
with the angles of attack determined by these values of P and B found. 

(b) A fixed value can be assigned to B which will determine the ratio of 
the length of the front to the rear plane, and we have three integrals 


I sin 2 U . Z-'dlJ, | sin* 2U . Z“rfU, | sin 41T . Z’-rfU, 

to evaluate, with the coefficients J, | sin 2P, and -“Jcofi2P respectively, for 
half the lengths of tlie planes. For sin^(U -f P) sin 2U can be written in the 
form 

J sin 2U-f i sin 2P.8in^2U— Jcos2P.sin4U. 

[In the pressure difference integrals Z is different, and the sign of P is 
changed.] 

This method has the advantage that after the integrals have been evaluated 
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we can find tlie thrusts for any angle of attack, which will determine for us 
the value of P. One or two cases will be dealt with according to the first 
method, but the second way will in general, in what follows, be used. 

Now, after the lengths of the planes for various values of B have been 
calculated, they will be reduced in such a way as to make the sum of the 
semi-lengths e<]ual to 10 r, where c is the circular measure of 5°. 

The corresponding lifts and drifts for various angles of attack, and values 
of niy will accordingly be calculated. Further the thrust on tlie chord AC 
(fig. 1, § -) will he calculated, and results compared. 

Finally the lifts and drifts on planes, for different values of B, and the least 
integral value of P satisfying the condition already cited, will be calculated. 
Tliis will be done for one value only of m, this being sufficient to give a general 
conception of the relative advantages of the planes considered. 

Calculations have been made for the following values of B; 35^, 40° 45^^, 
(j 0°, and 75°, and for the values of tn already given. For any other values of 
B and m the corresponding results can be found by interpolation. 

The thrust on the chord is easily obtained as follows: — 



KlO. 10. 


BN and CM are parallel to the direction of motion, ANM and BP i)erpen- 
dicular from A and B (fig. 10). 

The angles of attack ABN and BCM are a and /3 respectively. 

Let AB as h and BC = 1% (which are supposed to be already calculated). 

AM = AN + NM =: h sin « -h /a sin 
CM = CP + PM as /icos«-f facos^. 

Therefore the angle of attack ({f = ACM) on the chord i» 

tair A + 

^icosa-b^a cosjS* 

Knowing this, P can be found, and then by means of the method (6) above 
with m as 0 the thrust can be found. 
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§ 6 . Nmnerical RemltH, 

The following Tables are given, to illustrate the way in which the general 
results were obtained. 

In the first case (Table I) — 


H = 45^. P := 5^. 
Length of front plane, 2*78 x 2c. 
„ rear „ , 7*22 x 2 c. 


e = circular measure of 5° 
p = density of fluid. 
oL = angle of attack on front plane. 
0—u » rear 

Q = velocity of fluid at infinity. 


Table 1. 


m. 




i 

1 


Ke«,r. 

Sum. 

Chord. 

a. 


n/ppQ*. 

JB. 

L/pcQ«.jl)/p.-Q». 

h/f>cQ\ D/pcqK 

t __ - 

l/pcQ- 

D/poQ’. 


0 

Ifi 

o 

2i 1 

1 *688 

0 *068 

0 

1 17i 

2 *280 0 *702 

! 

8 '868 i 0 *770 

2 we 

0 *698 

h 

10 

i ^ 

1 -861 

0 118 

' 16 

1 *912 1 0 *612 

8 *273 1 0 '680 

2-778 

0 *564 

nV 

5 

, 7* 

l'86l 

0*177 

1 m 

1 *668 0 *840 

2 *919 1 0 *623 

2 *678 

0 *680 


1 

1 9* 

1*216 

0*202 

1 m 

1 *268 1 0 *288 

2 *484 1 0 *486 

2*410 

0*432 

0 

0 

jxo 

1 188 

0*208 

j; 10 

1 *188 D *208 

1 2 *876 1 0 *410 

j 2 *380 

0*414 


The ratio of the lengths of the two planes has been found in all cases to be 
approximately independent of w and P. It does not deviate more than 
1*5 per cent, from the mean value. 

The next Table (II) gives the total lift and drift on a plane in which B = 75'" 
for the cases (1) P 2®, and (2) wdien the angle of attack on the front plane 
is zero. The lift and drift on the chord are also given. 

The lengths of the front and rear planes in this case arc 8*77 x 2c and 
1*2.‘> X 2c respectively. 

Table II: 


1 

S-a. 

Bent plane B »= 2^ 

Bent plane. Front attack 0“. j 

Chord of plane P «<= 2*’. 

hlprq^. j 

1 

l)/pcQ*. 

L/peQA 1 

I)/P-Q«. ■ 


D/poQ* 

o 1 

15 j 

2 -434 1 

0 *160 

2*111 

i 

0 -ow 1 

0*968 

0*067 

10 

1 *918 ; 

1 0 113 

1 *388 

0*036 ; 

0*946 

0 068 

5 

1 *479 

1 0 092 

0*687 

0*010 ! 

0 *968 

0 ‘062 

1 

\ '228 

j 0*080 

0 *189 ; 

NegUffible 1 

1*006 

0*009 

0 

1 

1 0 *070 

; O’: 

L.. — 

o' 1 

i 1 

1*020 

0 070 
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Thirdly, the lift and drift have been calculated for the least integral value of 
P satisfying the conditions of the problem, and the results given in Table III 
m = 1/36, y3— « as 6°. 

Table III. 


— 


" 





' 


. 


B. 

p. 

iMigth. 

L lift. 

drift. 

1 



Front. 

1 

Rcftr, 

Front. 

Rear. 

Front. 

Rear. 

Lift. 

Drift. 

35 

1 o 

6 

1*28 

8-72 

0*769 

2-088 

0-094 

0*448 

2-887 

0*637 

40 

6 

2 '01 

7*99 

0‘928 

1 833 

o-u« 

0*396 

2 766 

0*412 

45 

4 

2-78 

7-22 

1*167 

1 -894 

0*111 

0*286 

2*661 

0*8fi7 

60 1 

« 

6-84 

4 ‘26 

' 1 '666 

0-487 

0 126 

‘ 0*088 

2 *182 1 

0*213 

76 1 

i 

2 

8-77 

i *23 

1 1 *840 

1 

0-189 

0*078 

0 *019 

1*479 1 

1 

0*092 


Finally in Table IV are given the total lift and drift, and the ratio of lift 
to drift, for a plane whose angle of attack on its front part is 5°, for values of 
B = 35°, 4.5°, 60°, and 76°, and m = 1/12, 1/18, 1/36, 1/180, and 0. 

Table IV. 


B. 

36®. 

46®. 


60®. 



76®. 




D/>rQ^ 

L/D, 

L//WQS. 

D/peQ«. 

L/D. 

L/poQ*. 


L/D. 

L/fK-Q*. 

D/poQ>. 

L/D. 

o 

16 i 

4*182 

1 -229 

3*41 

4*100 

1 016 

4*03 

8 -070 

0*690 

6*76 

3*110 

0*866 

8-68 

10 

3 -623 

0*781 

4*61 

8-809 

0-628 

5*36 

8-286 

0*462 

7*12 

2-509 

0-263 

9*54 

6 

2*476 

0*378 

6*66 

2*419 

0-848 

7*06 

2-316 

0-269 

8-94 

1*891 

0-178 

10 *02 

1 

1 ‘644 

0*164 

10*(K> 

, 1 *674 ' 

0*162 

10 '86 

1-681 

0-148 

10 -SO 

1 -462 

0*180 

11*26 

0 

I'SOO 1 

0*114 

11 '41 

,l *286 1 

i 

0*112 

11*46 

1 -285 

0 113 

11-45 

1 

1 *2^2 

0 *112 

11*46 


The results contained in this last Table are also given graphically as curves 
where the lift and drift are plotted against «, Rg. 11. The curves 1, 2, 3, 
and 4 represent the lift for B = 36°, 4,5°, 60°, and 76° respectively, while 
(1), (2), (3), (4) represent the drift. 

A curve is also given, in which the length of the front plane is plotted 
against values of B (Rg. 12). 

In conclusion we now proceed to examine the above Tables. It is evident 
that in all cases both the lift and drift are largest when the angle between 
the planes is largest (for the values of the angle under consideration). This 
evidently points to the fact that the ratio of lift to the area^of the plane 
is greater, the greater the bend. But the drift is also increased, which is 
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not desirable in the case of an aeroplane. Again the ratio of lift to drift is 
greatest when the angle between the planes is least, but the lift is small. 

These two conclusions agree with the experimental results that aerofoils 
with a large camber give a bettor ratio of lift to surface, whereas nearly flat 
aerofoUs give a better ratio of lift to drift. 

The figures given in Table I show, however, that the ratio of lift to drift, 
for a large value of m even, is greater than the corresponding ratio for the 
chord, and the lift on a bent plane is much greater than on its chord Hence 
it appears that a bent plane is decidedly more efficient than its chord. 

Further, frpm the last Table it is seen that as the length of the front plane 
increases, the total lift decreases, whereas the ratio of lift to drift inoreases. 
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H^nce a plane bant near the leading edge giyea a better ratlp of lif^ to 
'siitface, while on the other hand a plane bent near the rear edge givea a 
better ratio of lift to drift. Combining these last Qonclusions with the 
corresponding ones above, a plane with a large bend close to the front edge 
gives the best ratio of lift to surface, while a fairly fiat plane bent near the 
rear edge gives the best ratio of lift to drift. 

All these conclusions, then, tend to show that a distinct advantage is gained 
by making use of a cambered plane. 

The above methods can be applied to find the thrusts on any bent plane if 
the ratio of the lengths of its front and rear parte be given. Fig, 12 gives 
imruediately the corresponding value of B. Having been given the angle of 
attack as well, and the angle at which the plane is bent, P and m are easily 
found. The case of a plane bent twice can also be considered (as shown 
in § 3) but the integrals become complicated. 

The following application of fig. 12 may, in certain cases, be of use. A glance 
at fig. 12 shows that between certain limits (viz., between 37° and 75° approxi- 
mately) the length I of the front plane is a linear function of B = aB-f 6, 
say. If, then, the values of B determining the length of the middle part of 
the plane lie between these limits, we may proceed thus. 

Equation 8, § 2, gives in this case 



where Bg > U > Bi, Bj and B^ being the two values of B, 
and v\ and are the angles of bending at Bi and B 2 , 

therefore 


a = 2.i.,"(U + P).m2U 

L8iu(U— Bi)J L8in(Bs— U)J 


or 


{: 


Hin(U + Bi) l f U) 1 ^ 


8m(U-Bi)/ tsinCBa-U)/ 2sm»(U + P)MnW 

which, when substituted in the formula corresponding to 10, § 2, gives the 
pressure difference 


^ I dn* (U + P) sin* (TJ - P) sin* 2 UdU. 


It should be observed that this is not independent of ri and v$, these being 
iholuded in P, This integral reduces to 

^ j sin* 2 U sin* TJdU Bin* P j sin* 2 U sin* UdU + ^8in« P jsin* 2 UdU, 

the three iutdgrals being easily reducible.* 

♦ WilUamiwx, ‘ Int Oslc.,’ Oh. III. 
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Tbk method has been tested and foimd to give reatilta whioh agree closely 
with tboese obtained by the more laborious method applied to the case of the 
plane with one bend. 


The Difference between the Magnetic Diurnal Variations on 
Ordinary and Quiet Days at Kew Observatory. 

By C. Chree, Sc,D., LL.D., F,E.S. 

(Received March 24, 1915.) 

§ 1. While investigating the nature of the diurnal inequality of the magnetic 
elements at Kew Observatory, I have discovered a somewhat remarkable 
relationship between the inequalities derived respectively from quiet days 
and from ordinary days (t.s, all days except those of large disturbance). 
The period whose records were employed consisted of the 11 years 1890 to 
1900. During that period five days were selected for each month by the 
Astronomer Royal as typical of quiet conditions. An analysis of the diurnal 
inequalities at Kew on tliese quiet days was given in an earlier paper.* Use 
is also made of the diurnal inequalitiesf derived from 209 disturbed days, 
being the days of principal disturbance from 1890 to 1000. The new 
material employed consists of diurnal inequalities based on all the days of 
the 11 years, excluding the 209 highly disturbed days but including the 
quiet days. The cost of measuring the curves was defrayed by a grant from 
the Government Grant Committee. 

The diurnal variation in the horizontal components of magnetic force is 
often advantageously studied by considering the vector which represents the 
force to whose action the departure from the mean value for the day may be 
ascribed. 

In the figure NS and WE are perpendicular lines, respectively in and 
perpendicular to the geographical meridian. If OM and PM, the 
co-ordinates of the point P, are respectively proportional to the departures of 
the cast and north components of force at any given hour from their mean 
values for the day, OP represents in magnitude and direction the force to 
which the diurnal variation in the horizontal plane may be ascribed. The 
successive positions occupied by P throughout the 24 hours constitute what 
is known as the vector diagram. 

♦ * Phil Trana,' A, vol. SOS, p 336 . 
t *PhiL Trsna, A, vol. 210, p 210. 
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8up]po8e now that P and F' are oorresponding points on the vector 
dkgntois which belong respectively to quiet and to ordinary days, then by 
ordinary statics PP' represents in magnitude and direc- ^ 

tion the force to which may be ascribed the difference ^ 

between the ordinary day and the quiet day variations. 

Fig. 2 shows the variations in PP' throughout the w 

24 hours, in the case of the mean diurnal inequality for 

the whole year, as exhibited by the 11 years 1890 to 

1900 combined. 0 is the origin. The arms of the cross, i 

which are oriented KS. and E.W., each represent 

27(17 = 1x10“® C.G.S.). The hours are shown adjacent to the points to 

which they refer. The arrow in each case is drawn from the point on the 

quiet day diagram to the point on the ordinary day diagram. To avoid 

complicating the figure, the vector diagrams themselves are omitted. The 




IS 




If 


differaaco veotorB anemring to 2, 3 and 4 a.m. are partly superposed, so that 
only one extremity of each line is clearly visible. 

The phenomenon to which I piiucipally call attention is embodied in the 
fact that the difference vector lines, instead of being oriented promiseuottsly, 
show a marked approach to a common direction. The dotted lines through 
0 show the limiting orientations of the difference vector lines. In the S.W. 

2 c 2 
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quadmnt the angle between the extreme directions is only 29°: In the N.E. 
quadrant it is 49°. If, however, we omit 6 iUM,, when the difference vector 
was only O'Ty, the latter angle reduces to 16° The difference vector 
vanished between hours 6 and 7, and again between hours 18 and 19 
(ie, 6 and 7 p.m.), and the angles it swung through in these two hours were 
respectively 133° and 175°, Further, the largest value of the difference 
vector throughout the 24 hours was only 3-3y. In view of these circum- 
stances, the smallness in the variations exhibited by the direction of the 
vector is truly surprising. The broken line in fig. 2 — which is inclined at 
64° to the meridian — represents the direction to which the 24 vector 
difference lines most closely approach. Two calculations were made of its 
position. The first took simply the arithmetic mean of the inclinations to 
NS, 180° teing subtracted from all angles in the S,W. quadrant ; the second 
weiglited the angles according to the magnitude of the difference vector. 
The results of the two calculations, 63°*96 and 64°*06, agreed so closely that 
it seemed unnecessary to employ any more mathematically rigid method of 
calculation. The perpendicular to the broken line, a line oriented 26° 
west of north, would practically represent the direction along which the 
component of the difference vector is a minimum, 

§ 2 . It is natural to regard the difference tetween ordinary day and quiet day 
inequalities as due to the influence of disturbance upon the former. This 
suggests enquiry into the nature of the difference between disturbed and 
quiet day inequalities. The necessary calculations had been made in 
a previous paper, the results of which are shown graphically in fig. 3. This 
figure, it should be noticed, is drawn on a different plan from fig, 2, The 
difference between the disturbed and quiet day vectors is, very large, and, 
owing doubtless in great measure to the small number of disturbed days, the 
hourly differences are somewhat irregular (to get smooth results thousands 
of disturbed days would have been required instead of 209). 

Thus a diagram constructed on the plan of fig. 2, unless drawn on a very 
large scale, would have failed to show the results clearly. In fig. 3 lines 
drawn from 0 to the points marked 1, 2, 24 would represent in magnitude 
and direction the difference vector (disturbed less quiet day) at hours 
1 to 24 respectively, the lines corresponding to PP' in fig. 2, if P' now 
lay on the vector diagra.m for highly disturbed days. The lines have not 
been actually drawn, as some of them could hardly be shown separately, and 
the eye can readily supply the deficiency. Tiie broken line represents, as in 
fig, 2, the inclination of 64° to the meridian, The arras of the cross 
represent each 27 . 

♦ ^ Phil. Trans.,' A> voi. 810 , p, SOO, 
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Fig. 3 admittedly ehowe mxich greater variability in the vectorial dir^tion 
than hg. 2. At the same time there is a remarkable gap between the 

B 


20 



13 

7 

12 

4 

8 

ML « 

4 

B 

Fio. 3. 


direction of the vector at 22 h. (86® east of north) and that at 11 h, 
(211® east of north). Again, between 4 and 5 h. the vector in vanishing 
swings through 163®. The vector i.s included in the N.E. and S.W. 
quadrants except from 2 to 6 p.m. It is during these afternoon hours 
that the difference between the phenomena exhibited in figs. 2 and 3 mainly 
exists. In fig. 2 the vector swung through 175® l)etween 6 and 7 P.M., 
whereas in fig. 3 it took from 1 to 8 p.m. to swing through 180®. Whether 
the differences between figs. 2 and 3 would be reduced if an adequate 
number of highly disturbed days were available it is, of course, impossible to 
say. At all events the points of resemblance between the two figure^ are by 
no means insignificant. 

§ 3, Table I gives the data on which figs. 2 and 3 are based, and also the 
corresponding variations in the vertical force ; o— j means ordinary less quiet 
day vector, and d^q disturbed less quiet day vector. The results, as 
already indicated, are quoted from a previous paper. 
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Table 1. — Diurnal Inequality. Difference Vector. 


Hour (a.M.T.). 

0 

-ff Ditforenoe vootor. 

d 

Di0erenoe vector. 


9. 

»■ 

B. 






o 

a 

y 

y 

o 

0 

y 

y 

1 

66 

117 

8 1 

3*5 

84 

181 

21 *4 

28*6 

2 

66 

124 

3*0 

8*6 

76 

148 

16*6 

27-8 

a 

60 

128 

2*8 

8*6 

64 

149 

13-7 

26*4 

4 

66 

186 

2-2 

8*2 

59 

178 

3*7 

26*1 

5 

60 

144 

1-0 

2*7 

266 

164 

7*2 

26*8 

6 

27 

161 

0-7 

2*1 

249 

167 

9*7 

26*8 

7 

264 

169 

0*7 

2*0 

286 

144 

13*4 

22-6 

8 

252 

188 

1-6 

2 2 

220 

185 

14 *8 

20*1 

9 

243 

12C) 

2 >2 

2*6 

218 

ISO 

17*2 

19-9 

10 

242 

109 

2 ‘4 

2*5 

213 

107 

16 *7 

17 *6 

11 

284 

96 

2-7 

2*7 

211 

89 

16 *0 

16 *0 

12 

281 

88 

2-6 

2*6 

221 

78 

13 *8 

14 *4 

18 

232 

81 

2 '4 

2*5 

242 

60 

12 *0 

16-7 

14 

238 

71 

2-8 

8*0 

274 

42 

16 *6 

28 *1 

16 

245 

60 1 

8'1 

8*4 

282 j 

32 

ICO ; 

1 80*0 

16 

i 256 

68 ! 

1 3*2 

8*8 

294 

26 

16*1 

87*1 

17 

1 259 

i 44 

1 2-5 

8*6 

307 

i 27 

! 17*1 ! 

! 87*7 

1® 

1 261 

j 21 

1 1*2 

I 

3*8 

388 

20 

1 11*4 

88*7 

i 

19 

76 

8 ' 

0*4 

2*8 

17 

! 26 1 

12-6 

20 *1 

20 

62 

29 

1 ‘6 

8*1 

62 

' 46 1 

17*2 

28 -e 

21 

69 

58 

2*6 

3*2 

76 

i 67 

21*1 

22-0 

22 

61 

75 1 

8*3 

8*4 

86 

j 96 

17*6 

17-6 

28 

65 

90 1 

3*8 

3-3 

76 

106 1 

21*8 

22-7 

24 

62 

106 

8*0 

8*1 

80 

132 { 

1 J 

16*8 

21-6 

Meat! from 24 hours 


2*29 

2*99 



^ u-e 

1 

24*8 

„ (lay hours 


2*26 

2*80 

- 

-- 

14-8 

28 *6 

„ ni^ht hours . . . 

_J 

2*31 

1 

3*18 


— 

14-0 

86*1 


AN, AE, and AY being the north, east, and vertical cumponeuts of the 
difference vector, the remaining notation is shown by the equations 

p = v/(AN*+AE»). 

K = ./(ANHAE'+AV*). 

^ = tan-*(AE/AN). 

9 s= tan“‘ (j>fAY), 

B is the resultant difierence vector, p its horizontal component, the 
inclination of p to the meridian measured from north to south through east, 
and 0 the inclination of K to the downwardly directed vertical 

The limits to " day ” and " night " in Table I are the hours 6 and 18. The 
fact that the n^ht means of p and B actually exceed the day means is 
remarkable, in view of the large excess of the day means over the night 
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meane in the case of the otdinaty veotcmi^ whether for ordinary, or 

disturbed daye. 

The vector is directed above or below ground according as d is greater or 
less than 90^. In the case of the o— j vector the time when the vector is 
below ground nearly coincides with the afternoon. 

§ 4. In view of the approach of the horizontal component of the o—y vector 
to the fixed direction 64° east of north, it seemed desirable to ascertain the 
variation throughout the 24 hours in its components — say X and Y — along 
and perpendicular to this direction. It seemed also desirable that these 
oomponents should be represented in terms of Fourier series with periods 
24, 12, etc., hours. The two ends were most readily secured by utilising 
results already calculated for the horizontal force (H) and declination (D) 
inequalities. 

Eepresenting the difference inequalities in H and D by the series 

AH » S (a„ 008 fU -f hn sin rU\ 

AD = 2(ct«'cos«/4-in' siu wO, 

where t represents the equivalent angle (at 15° per hour) to the time elapsed 
since Greenwich midnight, the component of the horizontal difference vector 
inclined at any angle ^ to the magnetic meridian (or direction of AH) ia 

2 {{(Ih cos -f sin >/r) cos nt + (6„ cos -f sin ■^) sin nt). 

Here AD is supposed to be expressed in terms of ly as unit, which means, 
for the place and epoch considered, writing 6*327 as the equivalent of 1'. 

The mean declination at Kew for the eleven years 1890-1900 was 17*3® W., 
so that, to get the component called Y above, we must write 8*7° for and 
similarly for X. 

The results finally obtained for X, Y, and the vertical component of the 
0 — 5 ^ vector, in terms of ly as unit, were as follows : — 

X == 3-32 sin {t -f 80°) 4- 0*41 sin (2^ + 119°)+ 0*55 sin (3 1 4 240°) 

40*07 sin(4^449°), (1) 

Y 0*09 sin (#4146^)40*28 sin (2#4273°)4 0*23 sin (3#487°) 

4014Bm(4#4l58°), (2) 

AV =: 2*47 sin(if4l88°)40*56 sin (2 #4 230^) 4 0*1 6 sin (3 #4 293'^) 

4 0*04 sin (4# 4 90"). (3) 

The fact that Y is insignificant was, of course, implied by fig. 2, but it is 
interesting to find that the 24-houT term in it is especially insignificant, while 
the 24-hour term in X dominates all the otbeiu. The 24-hour term in AV is 
alap largely dominant, so that the o— g difference vector is essentially a 
ftbeneiaenoii of a r^ular kind with a 24-hour period. 
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Phase angles m cases where the amplitude is very small can hardly claim 
a very high pi«cision. Thus it may be a pure accident, though a somewhat 
remarkable one, that the two largest terms in ( 1 ) can be written in the form 

3'32(8m;j^-fisin3x), 

where ^ 80^ 

Sin X assumes its extreme values when equals 90*^ or 270° This 

means 40 minutes after midnight and noon respectively. 

§ 6 . The meam diurnal inequality for the whole year, derived from 11 years 
combined, may represent a blend of widely divergent characters. In the 
case alike of the ordinary and quiet days, the diurnal inequality varies much 
in amplitude and sensibly in type throughout the year. Amplitude and 
type also vary from year to year with sunspot frequency. It was thus 
desirable to ascertain whether the phenomenon apjiarent in fig. 2 varies with 
the greater or less frequency of sunspots, and whether it holds good of 
individual months of the year. Attention must first be called to the limita- 
tions imposed by the character of the data. The c— vector is of small 
amplitude, and any reduction in the number of ^ays utilised must lead to 
less complete elimination of accidental features. In a single year's results 
accident might play a dominant part; accordingly, the years of largest 
sunspot frequency, 1892-1895, were combined in one group, and those of 
least sunspot frequency — 1890, 1899, and 1900 — in another group. For 
brevity, these groups will be termed years of sunspot maximum and 
minimum. The results obtained for the horizontal component of the c— g 
vector for these two groups of years are given in Table 11, the notation being 
the same as in Table I. 

Tlje vector for 19 h. in the sunspot minimum group falls in the S.E. 
quadrant, but the amplitude being only 0*2 7 this has little real significance. 
If estimates are made of the mean direction of the difference vector in the 
same way as in the case of the whole 1 1 years, we get 

Fi-om From 

^Arithmetic mean. weighted angles. 

. Sunspot maximum 63°*4 65°*6 

Sunspot minimum 70°‘2 66°‘4 , 

In the case of the sunspot minimum group the vector for 19 h, is nearly 
perpendicular to the dominant direction. If its angle 153° were replaced 
in the first calculation by —27° it would reduce the result to 62°*7, while if it 
were omitted entirely the result would become 66 °* 6 , 

The results from the two groups of years are naturally more etrafcio than 
those from the 11 years, but in neither case is there any systematic divergence 
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Table II. — Diurnal Inequality, o—q Difference Vector. 


Hour 

Sunspot mariimni>« 

Sunspot patnimum. 


P- 


P- 



r 

0 

y 

1 

m 

3*9 

78 

. 2*4 

2 

67 

3*0 

76 

2*1 

8 

66 

8 6 

90 

1*7 

4 

65 

3 1 

78 

1*4 

h 

78 

1 *9 

60 

1-0 

6 

66 

0*4 

0 

0*7 

7 

226 

1*0 

286 

0*7 

8 

286 

2*1 

274 

1*4 

9 

234 

2-7 

259 

1*6 

10 

242 

8 0 

246 

1*7 

11 

240 

3-2 

246 

1*9 

12 

1 

241 

2-9 

226 

11 

18 

288 

2*6 

219 

1*9 

14 ! 

247 

3*3 

226 

2*4 

15 

261 

8*4 

289 

2-6 

16 , 

m 1 

3*7 

261 

2*4 

17 

260 1 

2*9 

267 

1*7 

18 

267 ! 

1*8 

264 

1 *0 

10 I 

34 

I 0-4 

158 

0*2 

20 

68 

' 1-6 

63 

1 *1 

21 

66 

2*4 

68 

2*0 

22 

61 

8*6 

68 

2*8 

28 

70 

3*6 

62 

8*0 

^ ' 

1 

8 6 

68 

2*6 

Mean from 24 hours 


i 2 ’OS 

1 

1*76 

,, day hours 

2-68 


1*74 

„ night hour*! 

2-68 


1*76 


between the angles and those deduced from the complete period. The only 
conspicuous difference between .the sunspot maximum and minimum results 
is in the amplitude of the difference vector. The excess for the sunspot 
TnaxiTTium group is in much the same proportion as in the case of the quiet 
day vector itself.* 

1 0. The N. and W. quiet day inequalities were given in my previous paper 
only for March, June, and December, in addition to the year as a whole. 
Also, considering the irregularities in the results for the sunspot minimum 
year, which depended on 36 months’ data, it seemed doubtful whether results 
depending on only 11 months’ data would be satisfactory. It was thus 
decided to take not the 12 months but the three seasons, winter, equinox 
(ie. March, April, September, and October), and summer. Each set of results 
thus depends on 11 x 4 or 44 individual months. 
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Fourier codficieate had been oalcniatad in the oase of the D and H 
inequalities for the three seasons, both for ordinary and quiet days. It was 
thus easy, in the way already iliustmted, to obtain the components of the 
o—g difference vector along any two perpendicular lines in the horizontal 
plane. Tlie directions selected were 64° east of north and 26° west of north, 
regarded respectively as axes of x and y. 

The following results were obtained : — 

Winter — 

X = 3-03 sin {t + 82°) + 0-44 sin (2 1 + 156°) + 0-23 sin (3< + 229°) 

+010 sin (4 <+ 204°), (4) 

Y = 1-45 sin (!: + 336°) + 016 sin (2/ + 97°) + 0-40 sin (3< + 129°) 

+ 0-10 sin (4<+ 156°), (5) 

Equinox — 

X = 4-18 sin (i! + 86°)+0-24 sin (2< + 151°)+0-66 sin (3< + 226°) 

+ 0-28sin(4< + 76°), (6) 

Y = 0-30 sin (t + 64°) + 0-36 sin (2 1 + 276°) + 0-38 sin (3< + 110°) 

+ 0-22 sin (4f + 180°), (7) 

Summer — 

X = 2'83 8m(< + 68°) + 0778in(2< + 88°)+0-80 8in(3< + 255°) 

+ 0-16 sin (4f + 333°), (8) 

Y = l'74 8in(i; + 162°) + 0-69sin(2f + 274°)+0-4lBin(3f + 12°) 

qt 0-11 sin (4< + 139°). (9) 

In equinox the results are closely analogous to those for the year as a 
whole ; the 24-hour term in X being largely dominant. But in winter and 
summer, while the 24-hour term in X is considerably the inost important 
term, Y is not negligible compared with X. 

The results might mean either that the approach of the difference vector 
to a dominant direction is much less apparent in the inequalities for winter 
and summer than in that for the whole year, or that, while there is a dominant 
direction, it varies with the season. It is easy to decide between the two 
alternatives. 

SupiKrse <!»Hin(n< + «) and c,' sin (»<+«') represent the Fourier waves of a 
given period in the components of the diurnal inequality along x and y, then 
the Fourier wave of the same period in the component inclined at an angle 
to the as-axis has its amplitude C given by 

C* SB J(c* + c'*)+J(rt»-c'»)co82'^+«!'oo8(«— «')8in2^. .(10) 

The directions making C a maximum or minimum are given by - 

tan 2Vr » 2 a)' cos («-«')/(«•- c'»). (11) 
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Variatims on Ordinary and Quiet Days. 

Tftking more exact values for *i and »i Uiau those raoorded in (4), (5), ( 8 ), 
and (9), we have for winter 

Cl S'CSiy, Cl’ — 1'45'y, «i~«i’ ~ 106° 39’, 

for summer 

Cl = 2-837, - I Hr ai-- «i’ = 93° 27’. 

Whence we And for winter 

^f^ = 170°-2| rv^ = 8o°-2 

0 = 3-077/ 10 = 1*377’ 

for summer 

V^ = 176°-6\ rt = 86°-6 

0 = 2-8871 LO = 1-747 • 

Thus, in both seasons the direction in which the 24-hour term is a maximum 
departs so little from 64° east of north that the differenoes between the 
maximum and minimmn values of ci and those belonging reapeotively to X 
and Y are insignificant. 

These results were borne out by an examination of theo—g' data for March, 
June, and December. In March, an equinoctial month, the vector lay in the 
S.W, quadrant from 8 h. to 18 h. Tliroughout the rest of the day except 
at 19 h. it lay in the N.E. quadrant. At 19 h. it lay in the S.E. quadrant, 
but its amplitude was only 08 7 . 

In J\ine the vector at 5 h. and 6 h. lay in the S.E. quadrant, and from 
16 h. to 20 h. it lay in the N.W. quadrant ; during the remaining 17 hours it 
lay either in the N.E. or the S.W. quadrant. 

In December the vector lay in the N.E. or S.W. quadrants during 19 hours, 
hut was in the S.E. quadrant at 19 h. and 20 h., and in the N.W. quadrant at 
6 h., 7 h , and 8 h. 

In both June and December, while the N.E. and S.W. quadrants contained 
the vector during the greater part of the day, the deviation into the two other 
quadrants was too decided to be wholly accidental The afternoon phenomeqa 
in June somewhat resembled those in the d—g vector in fig. 3. 

§ 7. One remarkable feature remains to l)e pointed out. The diurnal 
variation in days of any kind consists not merely of a periodic but also of a 
hon-periodio part, the existence of the latter being evidenced by the non- 
cyolic change, i.e. the excess of the value at tihe second midnight over that at 
the first midnight of the representative day. Thus to complete our informa- 
tkm as to the differetioe between the diurnal variatictns in ordinary and quiet 
days, we must consider the relation of the n.o. (non-oyclio) dianges. 

The apparent ».e. change in any element is eompceed ot several parts. In 
addition to the secular change, and any true n.c. (diange obaracteristic of the 
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particular type bf day, there is iju general an iustrumeutal contiibutSon, 
This may be negligible, and ought at least to be very small in a decliiration 
magnetograph ; but it may be considerable in a force, especially a vertical 
force, instrument. In all force instruments there is naturally a drift in one 
direction, due to change of magnetic moment or of rigidity in the 
suspension ; and unless the magnetograph room has a constant temperat^ire, 
or temperature compensation is complete, there is a shift of base line value, 
first in one direction then in the other, due to seasonal change of temperature. 
In individual days at Kew the apparent n.c. cliange in V is mainly a question 
of temperature. If one considers, however, not individual days or months 
but the whole year — based on as many as 11 years — temperature effects 
neutralise one another, even in V. Also, while the n.c. changes obtained for 
the average ordinary or quiet day may owe something to instrumental drift, 
any such contribution must be practically eliminated when we deal with the 
difference between the n.c. changes on the average ordinary and (juiet days. 

The mean n.c. change in ordinaiy days in I), H and V was found for each 
of the 132 months. This bad been done before for quiet days. The final 
mean values are 



n. 

H. 

V. 

Quiet day ^ 

Canary day 

n,o. change... 

+ 0044' 

-o'oao' 

+ 8'd4v 
+ 0’80y 

0 o 

1 { 

+ 0074' 

+ 2*647 

-0 *427 


The equiTalent in foive of 0 074' it» 0 ■894 y. 


It will be noiioed that we have given here the j—o difference, as it happens 
to be more convenient for our subsequent geometrical work. The o— 
difference, of course, differs only in sign. Kegardiug the o n.c. change as a 
vector quantity, its horizontal component is inclined to the magnetic meridian 
at the angle 

tan-H0*394/2*54), or 8*8^. 

The magnetic meridian being, as ah«ady stated, 17®*3 west of north, the 
horizontal vector is thus inclined at 26®*1 to the astronomical meridian. In 
short, it differs by less than the probable error of evaluation from perpeudicu- 
iarity to the line to wliioh the o— j difference inequality vector approoebes. 
Thus what we have found is that the diflerenoe between the nonnal ordinary 
and quiet day diurnal variations in the horizontal plane consists, to a first 
approximation, of an oscillation of 24'hour period, along a line inclined 64® to 
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east of north, and of a change proceeding at a uniform rate throughout the 
24 hours along a second line perpendicular to the first. 

The resultant of the q^o n.c. changes in I) and H has an amplitude of 2 * 577 , 
its components to north and west being respectively 2*317 and I'lSy. The 
resultant of the q — o n.c. changes in D, H and V has on amplitude of 2*687 
an inclination of 80°*7 to the upwardly directed vertical. 

It is difficult to say whether the ordinary or the quiet day inequality has 
the greater claim to be regarded as the fundamental. The ordinary days 
averaged 346 a year, including all but the 209 highly disturlied days of the 
11 years, but the inclusion of the omitted days would have had an appreciable 
influence. The exclusion, moi*eover, of any ^larticular day was a purely 
arbitrary matter, except in so far as it was dictated by loss of trace. 
Some idea of the variability of the days treated as ordinary may be derived 
from the fact that when “character” figures were assigned to the 11 years, 
on the international scheme “ 0 ” (quiet), “ 1 ” (moderately disturbed), “ 2 ” 
(highly disturbed), the average year had 154 days “ 0,” 167 days " 1 ” and 
44 days “ 2 .” Thus the 346 ordinary days of the average year included 25 
(or 7 per cent.) of character “ 2,” while nearly 45 per cent, of, them were of 
character “ 0 .'’ In most mouths the five selected quiet days were quieter than 
the average day of character “ 0 ,” but not conspicuously so. Thus the 
ordinary day inequality, if much more representative, is also of a much more 
hybrid character than the quiet day inequality. 

If we were dealing at one time with the data of, say, 100 years, there would 
be much to Ije said for taking as the standard the inetjuality from all days of 
the year. But usually what we have to do with at one time are the data of 
one year, and one really first order disturbance may introduce into the 
diurnal inequality of the month it occurs in a large element, which can only 
be regarded as fortuitous, so far as the phenomena of the particular montli are 
concerned. It might, for instance, make a notable difference whether 
Greenwich or local time was employed in the inequalities. 

The main phenomenon of tlie n.c. change in quiet days at Kew, vix. the large 
increase in H, has been observed at other places. This sugg^lsts the probability 
that phenomena analogous to those now described may piove to hold good 
elsewhere. If this should be the case, the fundamental lines to which the 
phenomena are attached are presumably related in some way to some 
fundamental direction connected with the earth's magnetism. It is thus a 
suggestive fact that the vertical plane at Kew inclined at 26*^ to west of north 
comes at least near to containing the earth’s north magnetic pole. 


382 


On the Origin of the ** 4686 ” Seriee. 

By Thomas E. Mbktox, B.Sc. (Oxon.), Lecturer in Spectroscopy at University 

of London, King s College, 

(Communicated by A. Fowler, F.ES. Eeoeived March 25, 1915,) 

[Platb 8.] 

In recent yeax's the class of spectrum lines known generally as the enhanced 
lines has become of especial importance in connection with their bearing on 
modern views as to the constitution of the atom. These lines were first 
investigated by Sir J. K Lockyer, whose classical researches in this field have 
shown that a h^h order of energy is reqtiired for their production, and that 
they are especially conspicuous in many stellar spectra. 

An important paper lias recently been published by Fowler,* who has shown 
that the enhanced lines of the elements of the alkaline earth group can be 
arranged in series similar to those obtained in arc spectra, but that for these 
series Kydberg’s constant N has to be replaced by the value 4N. 

In 1896, Piokeringt discovered in the spectrum of the star f Puppis a series 
of lines, which from their numerical relationship to the Balmer series were 
attributed to hydrogen, and which were considered by EydbergJ to be the 
Sharp series of hydrogen, the Balmer series being regarded as the Diffuse 
series. From the f Puppis series, Eydberg calculated the Principal series, the 
first line of which should have a wave-length of 4688 A,U., and his conclusions 
were supported by the fact that a very strong line of about this wave-length 
was found to occur in the spectra of the nebulee and certain stars. 

Fowler§ subsequently observed the f Puppis series, and also a series the 
first member of which had a wave4ength of 4686 A,U., in vacuum tubes 
containing helium and hydrogen, which were excited by a strongly condensed 
electric discharge. Another series was also observed, the first member of 
which was at X = 3203 A.U., and which converged to the same limit as the 
4686 series, being apparently a secjond Principal series, The three series were 
approximately represented by the formulae 


* * PhLL Trauft.,' A, vol, 214, p. 225 (1914) 
t ‘ Astrophy*. Joiim,,* vol, 4, p. 869 (1896) ; vol. 6, p. 92 (1897). 
I * A»tix>phy ». Joiirn,,' vol. 7, p.. 233 (1899), 

g * Monthly Notices, EA.S./ 1912. 
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f Puppis series 


7t = N I 


Second Principal aeries n 
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. 1 1 
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(m + 0-6)»J 
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Fowler was unable to obtain these lines from hydrogen in the absence of 
helium, but the theoretical investigations of Eydberg appeai*ed to justify tlie 
conclusion that the series in question were due to hydrogen. 

Bohr* has developed a theory, involving the use of Planck’s quantum 
hypothesis, by which he has arrived at formula? for the aeries of lines emitted 
by an atom of the iy\}e investigated by Sir E. Rutherford.f On the 
assumption that the hydrogen atom consists of a central positive nucleus 
with a single electron moving around it, Bohr arrived at a formula which 
closely represented the Maimer series. Assuming further that the helium 
atom consists of a central positive nucleus with two electrons around it, Bohr 
found tliat the formuUn obtained closely represented the 4686 and associated 
series, and by introducing a small c?orrection for the mass of the nucileus^ 
the numericul agreement obtained was remarkably close. Bohr accordingly 
suggested that the lines in question were due to helium. According to Bohr’s 
theory, the 4686 and 3203 series can be united into one^, having a constant 4Kr 
instead of N, the correction for the mass of the nucleus involving a modified 
value of Nf and the Puppis lines being alternate members of a 4N series. 

The theory has given rise to a considerable amount of theoretical discussion, 
into which it is not proposed to enter, but it involves the following assumption, 
with which the present investigation is concerned, namely, that the 4686 and 
f Puppis aeries owe their origin to helium, and are produced during the 
binding of an electron by a helium atom, from which two electrons have been 
removed by the exciting source. 

FowlerJ has come to the conclusion that tlie series in question are due to 
helium, from analogy with the 4N series of the alkaline earth metals, and 
has pointed out that the enhanced lines in general may possibly be explained 
in this manner, the arc lines being due to the binding of an electron by an 
atom from which only one electron has been removed. ^ 

This view constitutes a wide departure from the earlier hypothesis of the 
proto-elements, whose mass would probably be some simple fraction of the 


* ‘ Phil Mag./ voL S6, pp. I, 476, and 867 (1616) ; voL 67, p. 606 (1814). 
t ‘Pha. Mag,,’ vol. 21, p. 669 (1911). 

J Xoc, * Phil. Trans.’ 
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parent atom, whilst the removal of two electrons from an atom would not 
appreciably aifect the mass. 

With regard to the origin of the lines, the spectroscopic evidence certainly 
points to helium. Evans* * * § has observed tlie 4686 and associated series in 
vacuum tubes from which the hydrogen had apparently been completely 
eliminated, and Starkf has also observed the 4686 line in a helium tube 
showing no trace of the hydrogen lines. This evidence, however, is not 
conclusive. The extreme difficulty of preparing vacuum tubes fi'ee from 
hydrogen is well known, and the absence of hydrogen lines from the 
spectrum cannot be taken as conclusive evidence that hydrogen is not 
present. It is true that 4686 has not been observed in vacuum tubes 
containing pure hydrogen, but the same may be said of ultra-violet members 
of the Balmer series, which only appear in hydrogen tubes when helium is 
also present.^ In the present investigation an attempt has been made to 
obtain some evidence of the nature of the atoms concerned in the production 
of the 4686 series. 

The method adopted has been a determination of the highest order of 
interference of the spectrum lines at which tlie fringes, produced by the 
method of Fabry and Perot, remain visible. This dej)end8 on the widths of 
the spectrum lines, a problem which was first treated by Lord Eayleigh,§ 
and which has been the subject of quantitative investigation by Michelson.H 
The whole problem has recently been discussed by liord Iiayleigh.ir It has 
been shown that the chief cause which determines the breadth of a spectrum 
line, produced in a gas at low pressure, is the Doppler effect due to the 
motions of the luminous particles in the line of sight. The limiting order of 
interference at which fringes may still be visible is given by the relation 

N=:Kv/(M/T), 

whore N is the limiting order of interference, K a constant, M the atomic 
weight of the luminous particle, and T the absolute temperature. The 
validity of this formula has been experimentally proved by Buisson and 
Fabry** 

If therefore a source of light, a vacuum tube, emits a radiation from an 
atom whose mass is known, it is possible to calculate the mass of an atom 

* ‘ Nature/ vol. SS, p. 6 ; ‘ Phil Mag./ vol. X70, p. 264 (19X5). 

t ‘Verb. d. Deutsch. Phya vol. 16, p. 468 (X914). 

J Cf, Liveing and Devar, ‘ Roy. Soc. Proc.,’ vol. 67, p. 467 (1900). 

§ ‘ Phil. Mag./ vol 27, p. 298 (1889). 

II ‘ Phil Mag.,' vol 84, p. 280 (1892) ; * Astrophys. Joum./ vol 8, p. 261 (1896). 

% * Phil Mag,,’ vol 170, p. 274 (1915). ' 

♦* * Joum. do Phyaique/ vol. 2, p. 442 (1912). 
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emitting aiiotiter radiation, from a determination of the limiting ordem at 
which tliese two radiations show interference fringes. The exact value of 
the constant K and the temperature T need not be consider^. This 
method of determining the masB of an atom from the breadth of the 
spectrum lines has recently been applied by Buisson, Fabry, and Bourget^ 
in their remarkable investigation of the Orion nebula. The validity of the 
formula is restricted to cases in whicli the ladiations are produced in gases 
at low pressures, since, at higher pressures, broadening of the lines is also 
caused by disturbances depending on collisions between the luminous 
particles. Michelson {loc* r,it.) has investigated the effect of pressure on the 
breadth of the lines, and his results show that at pressures as low as 
one-thousandth of an atmosphere the effect of collisions may l)e entirely 
neglectetl, and at a pressure of 5 mm. of mercury, the broadening due to this 
cause is still extremely small. 

A vacuum tube containing helium and hydrogen at low pressure was 
excited by an induction coil, with a capacity of 0*0025 microfarad and a spark- 
gap in tlie circuit, the spectrum thus obtained consisting of helium lines, 
hydrogen lines, and 4686. 

The pressure in the tube was very low, so that the glass walls fluoresced, 
the 4686 line appearing only outside the capillary, in accordance with the 
observations of Fowler.f A convergent beam of light from the vacuum tube 
was thrown by means of a lens on to the plates of a Fabry and Perot sliding 
interferometer, and tlie ring system was focussed by means of an achromatic 
lens on to the slit of the spectograph, which consisted of a large Hilger 
constant deviation spectroscope provided with a camera attacbniont. With 
this instrument a series of photographs could be taken on the same plate. 
The experiments were conducted as follows : — 

The interferometer plates were set at a small difference of path and a 
photograph was taken. The difference of path was then successively 
increased and a series of exposures was made. From the series of photo- 
graphs thus obtained tlie limiting order could be estimated. In estimating 
the limiting older, it will be seen that since on each exposure the order 
number incimses with decreasing wave-length, it is usually possible (if the 
differences of patli have been suitably chosen) to pick out some line in which 
the fringes are just visible. The determination cannot be made with a high 
degree of accuracy, but all the photographs taken have yielded concordant 
results. 

In Plate 3, I shows a photograph taken through an etalon giving a 


* * Astrophys. Journ.,* vol. 3, p. 2S6 (101 4), 
t Zoc. c*V., ‘Monthly Notices.* 
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difference of path of 13 mm. It will be seen that the helium lines show 
eharp rings, whilst the 4686 line and the*hydi*ogen lines show no trace of 
interference. The plates of this (5 talon were more heavily silvered than the 
plates of the interferometer, the fringes being, in consequence, more sharply 
defined. II shows a series of photographs taken with the interferometer, 
the differences of path being 2, 4, 12, 16, 20, and 24 mm. The lines at 4471, 
4026, and 3889 are much over-exposed, and the fringes are consequently very 
indistinct. The limits of interference cannot be seen in the repw^duction, 
but on the original plate fringes wore just visible in 4686 at A 4 mm., and 
in helium (\ =» 4388) at 24 mm. (The hydrogen lines are not visible on this 
plate.) 

This gives 

~ 0-0004686 “ 0-0004388 ’ 


and for the mass of the system from which 4686 originates (He = 4), 


4x 



about 0*094, 


or about one-tenth of the mass of the hydrogen atom. 

It has been pointed out by Ixird Kayleigh {loc, ei.t) that Micheison's 
assumption that the temperature of the gas in an electrically excited vacuum 
tube is not very different from that of the w^alls of the tube has been amply 
confirmed by Buisson and Fabry {loc.dt.) in, their determination of the change 
in the value of N when a discharge tube is immersed in liquid air. I have 
noticed, however, that in the case of the ordinary helium lines the value of N 
becomes smaller when capacity and a spark-gap are introduced, keeping the 
current through the primary of the coil unaltered, Buisson and Fabry 
(/oc. a^.) state that under similar conditions broadening occurs in the lines of 
the Balmer series, but not in the lines of the secondary hydrogen spectrum, 
and they point out that this would indicate some special cause of broadening 
for the Balmer series. No mention is made of the pressure in the vacuum 
tubes at which this observation was made, and at low pressures even a feebly 
condensed discharge extinguishes the secondary spectrum. 

Very little is known with regard to the origin of the secondary spectrum, 
and the broadening of the Balmer series and of the helium lines may possibly 
be explained as being due to the sadden rise of temperattne at each impulse, 
but the above calculation might, by analogy, have no significance if the 
ordinary helium lines corresponded to the secondary hydrogen spectrum. 
This appears to be unlikely for several reasons. In particular, the solar 
chromosphere shows the Balmer series and the ordinary helium lines very 
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strongly, but contains no trace of the secondary hydrogen Bpectrum, This 
would indicate that the ordinary helium spectrum and the Balmer series were 
analogous. On the other hand, however, in such experiments as those of 
King* the Balmer series behave as enhanced lines, a supposition apparently 
negatived by Fowler’s {loc. dt) demonstration that the Eydberg constant of 
enhanced series is 4N instead of N, 

In any case the observed broadening with a condensed discharge would by 
itself appear to limit the use of the method employed to cases in which the 
radiations are produced simultaneously. Thus, in the case of argon, values 
of N have been found to vary in the red and blue spectra in the ratio of 
7*5 to 1, but for the reason given above it is impossible to attach any 
quantitative meaning to the result. However, in the observations of 4686 
and helium the spectra are produced simultaneously. It is possible that this 
method of calculating the mass of the luminous particles may not be 
applicable to the enhanced lines, the breadth of which may be controlled by 
circumstances at present unknown, but if the method is valid in such cases, 
the results would indicate that the 4686 line is due to systems of subatomic 
mass. 


* ‘ Astrophys. Journ.,' vol. 38, p. 315 (1913). 
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Ohuervations m the Fluorescence and Resormnee Radiation of 

Sodium Vapour . — 

By tibe Hon. B. J. Stkutt, 8c*D., F.B.S-, ProfesBor of PJiysioft, Inapeiiid 
College, South Ben»ngton. 

(Beceived April 7, 1915,) 

§ 1. JEhsperirnents on Duration of the Resonance. Radiatim. 

In « paper entitled "Luminous Vapours Distilled from the Arc,”* I 
haTe shown that sodium vapour, stimulated to give the line spectrum by 
electric discharge, and caused to distil away from the region of discharge, will 
carry its luminosity with it for a distance of mauy centimetres. In other 
words, the luminosity is persistent, and goes on after the electrical stimulation 
has ceased. 

In this case the spectrum emitted is the arc spectrum. It includes not only 
the D lines, but also the lines of the subordinate series. 

We have another method of exciting sodium vapour to emit the line 
spectrum-^I mean fluoresoent excitation. If the vapour is illuminated by a 
soda flame, it will emit the D lines by resonance. It is true that in this case 
the subordinate series of lines are not excited, but still we should certainly 
expect at first sight that the D-line radiation would behave as it does with 
electrical excitation, and that the luminosity would move with the vapour 
if the latter was rapidly distilled away from the place of excitation. 

An important experiment has been described by Dunoyerj- which seems to 
show that this is not so. He projected the distilled sodium vajK)ur in a jet 
across a wide globe ; part of the jet was illuminated by a beam of sodium 
light ; and it was found, that when the vapour passed into the shadow it 
abruptly ceased to be luminous. 

It may possibly be objected to Dunoyer’s experiment that, since the bulb 
traversed by sodium vapour was not kept hot, a cloud of condensed sodium 
may have been formed and that the observed luminosity may have been due 
to the diffusion of sodium light by this cloud, rather than to genuine 
resonance radiation. 

For this and other reasons it has been thought desirable to repeat Dunoyer's 
experiment in a modified form, under conditions more closely comparable 
with those of my own experiments on the electrically excited vapour, 

* *• Boy. Soc, Proc.,* A, vol. 90, p. 364 (1914). 
f * Coxnptes Benduti,^ vol. 157, p. 1066 (1913). 
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Fig. I Bbows the arraugement. The glass bulb a, 4 cm. in diameter, 
odntaina a few grammes of dry sodium. It is inserted in b, the chimney of a 
small gas furnace, which supplies beat for distilling ^ 
sodium through the tube c (18 mm. inside diameter) 
into the cold condensing bulb rf, of 9 cm. diameter. 

It was necessary to prevent condensation in c, and 
this was achieved by warming it from time to time 
with a large Bunsen burner held in the hand. The 
vessel was connected at e to a Gaede molecular 
pump. A metal diaphragm, backed by a soda flame 
not too heavily salted,* was focussed on the side of c 
by meaaas of a short-focus lens, indicated at /. A 
lantern condenser of 4 inches diameter was generally 
used, but a cinematograph lens, giving less liglit 
but a better defined cone of rays, was sometimes 
substituted. 

The moat rapid distillation of the vapour was at 
the rate of about 15 gnn. per hour. In this case the 
vapour in c was so dense that the resonance radia- 
tion at g was limited to a superficial patch. In other experiments, with less 
rapid distillation, a cone of luminosity converging to a point could be seen 
in the vapour.f 

In neither case was there the slightest indication of the luminosity being 
carried along with the vapour current. The appearance down stream of the 
place of excitation was in no way different from the appearance on the 
up-stream side. 

The exj^erimont confirms Duuoyer's conclusion, and emphasises the 
difference between electrical and fluorescent excitation. In the former 
case the D luminosity is persistent. In the latter case it is not so. 

This will appear still more remarkable and anomalous if we compare the 
behaviour of sodium emitting the D line with mercury emitting the 
ultra-violet line at \ 2536. Mercury through which the electric discharge 
is passing emits this line alcmg with the rest of the arc spectrum, and 
continues to do so for a time when distilled away from the place of excita- 
tion4 As Wood has shown, mercury vapour can also emit the line X 2636 

* Bee Dunoyer, ‘ Journ. de Physique/ January, 1914. 

t After an experiment sodium can be I'emoved from the veeeel by washing it out with 
idcohol. If the gkes has become brown with reduced 8i)ioon> it can readily be cleaned 
by washing with dilute hydrofluoric acid. 

J For references, see * Boy. Soc, Proc./ A* vol. 91, p. 9S (1914). 
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without the other mercury lines when light of precisely this wave-length 
falls upon it So far the behaviour of mercury and sodium run parallel. 
Now comes the diflference. The luminous centres emitting mercury 
resonance radiation of wave-length 2536 can be distilled away from the 
place of excitation os well and easily as if they had been excited electrically.* 
The centres emitting the resonance radiation of sodium cannot, as wo have 
seen, be distilled away from the place of excitation at all. 

I cannot at piesent make any suggestion as to how these facts should be 
regarded. It seems very strange that the analogy between the behaviour of 
sodium and mercury should go so far, and tlien suddenly break down. 

§ 2. Invisihility of the Resonance Radiation through Dihtte Sodium Va^pour, 

Dunoyer's improved methods of observing the resonance radiation of 
sodium have already been referred to. He noticed that when a soda 
flame a, fig. 2, is focussed by a lens h on to the wall of a bulb d containing 
sodium vapour at a density corresponding to a temperature of, say, 300® 0., 



the resonance radiation did not penetrate into the depth of the vapour but 
was confined to a very thin layer at c. The light from this layer of super- 
ficial resonance could be seen from any direction in front of the plane ee, but 
from any direction behind this plane (looking tlirough the bulb) was 
invisible. ' 

Dunoyer suggests that this may be explained simply by the opacity of the 
vapour for the particular radiation, though he apparently had some alternative 

* See F. S. Phillipe, * Roy. Soc. Proc.,' A, vol. 89, p. 39 (1914). The rate of distillation 
of mercury used by PhiJlips was onJy about twice as great as the rate of my most rapid 
sodium distillation, measuring the rate in each case by the number of molecules pasaiiig 
per second. 
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explanation in mind* The abBorption is, however, a sufficient explanation, 
as is proved by the simple experiment illustrated in fig. 2. 

The spot of resonance radiation was viewed through a second exhausted 
bulb /containing sodium. Tius bulb was heated, and as the temperature 
rose the resonance radiation appeared dimmer, finally becoming invisible. 
The temperature at which it disappeared was 160® C. as nearly as could be 
determined. The thickness of the layer of vapour in /was 4'5 cm., but this 
bulb was not very well exhausted, and it may be that with the sharper 
absorption band obtained in the pure vapour a less thickness or density of 
vapour would have sufficed. The bulb / is, of course, at tliis low vapour 
density quite transimrent to daylight or lamplight, and the inability to see 
the spot of resonance radiation through it produces so strange an impression 
that the observer almost feels as if he is being tricked. 


§ 3. Remutixc Ilcidiation with the Vwpour in a Magnetic Field, 

The conical poles of a Dubois half-ring electromagnet were adjusted to a 
distance of 8 mm. apart, and a glass tul)e of 4*5 mm. inside diameter was 
arranged between them as shown in fig. 3, The tube was kept in connection 
with a Gsede molecular pump, and, by 
warming it with a Bunsen burner held in CZZZ^ 

the hand, sodium vapour could be distilled 
up into the region between the i»oles. A 
salted flame was focussed on tliis part of 

the tube, as in previous experiments. \ / 

The effects depend upon how much salt is ^ / V 

introduced into the flame. Two kinds of ' 

flame have been used* yr. 

The first, referred to as the weak flame, 
was an ordinary Bunsen flame, with a ^ 

dilute salt solution sprayed into the gas 

mixture. This spray was obtained by electrolysis of the dilute salt solution.^ 
The second, referred to as the strong flame, was from a Meker burner, with 
abundance of salt melted on to the nickel grid. 

Illuminating the sodium vapour with the weak flame, the intensity of 
the resonance radiation was diminished by exciting the magnet. The stronger 
the field, the weaker the resonance. With a field of 19,000 units, which was 
the limit attainable, the resonance was reduced to a very small intensity. . It 
is difficult to say definitely whether it disappeared altogether, since there 


^SODIUM 


♦ Th« arrangement is described in ‘A Treatise on Practical Light,^ by B. 8. Clay, 
p. 507. Macmillan, 1911, 
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ia imevitably some diffusion of soda light by the strue in the glass, and by 
specks of dust ; this difhised light cannot be easily distinguiabed from the 
resonance radiation, amd remains when the latter is quenched by the 
mafguetic held. 

The explanation of this experiment presents no difficulty. The D lines 
produced by the vrefidc flame aie narrow. They were examined visually in 
the second order of a 10 feet concave grating, and the breadtji of Di was 
estimated at 0*2 Angstrom, that of Da at 0*3 Angstrom. Di is split by the 
Zeeman effect into four components, and with the field employed the two 
inner ones would be separated by 0*41 Angstrom.* The component lines of 
the resonance radiation are so narrow that their breadth may be neglected. 
All the components of Di in the resonating vapour would, therefore, be 
thrown off the exciting Hne, and the resonance of lb would be destroyed. 
Da is split into six components. In a field of 19,000 units the distances of 
the respective pairs would be about 0*2, 0*6, and 1 Angstrom. Tim two outer 
pairs, but not the inner pair, would be thrown off the exciting line 0*3 Angstrom 
broad. We see, therefore, that the field should extinguish the whole of the 
Di x*e8onattce, and half of the Da resonance.f This is in good agre^ement with 
the observations. 

Using the strong flame instead of the weak one, the effects are more 
complex. When the full magnetising current is switched on, the resonance 
radiation is observed to become brighter, to pass through a maximum, and 
then to diminish again. On switching off, the maximum is passed through 
again, and then the brightness sinks back to its initial value. These clianges 
each take perhaps two seconds. The magnetic field takes time to reach its 
full value, and the maximum brightness corresponds to a particulai* value of 
the field. This value was determined, though not, of course, very accurately, 
by diminishing the (steady) magnetising current until, on switching on, the 
light could not be observed to pass a maximum any longer. This condition 
was first satisfied when the steady field was about 12,000 units. 

To interpret the observations, it is necessary to consider the structure of 
the D lines in the strong flame. As observed visually in the second order 
spectrum of the grating, they were seen to be very much broader than the 
lines emitted by the weak flame. 

The breadth of Di was estimated at 0*8 Angstrom, and of Da as 
1*1 Angstrom. Further, the lines showed extremely distinct reversals. 
The breadth of the relatively dark centre of the line was perhaps in each 

* See Bunge and Faechen, Kayser'e ‘ Handbuch/ vol. 2, p. 670. 

t The polariBation phenomena indieete that the two outer pairs of Bj contain only 
half the total light. 
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<i 9 m a>bout a quarter of the total breadth of the line. This would give 0 2 
and 0*3 imgstrdms for Di and Da respectively. 

In the absence of magnetic force the resonating lines fall on the compara- 
tively dark centres of the exciting lines. As the magnetic force increases 
a resonating line is split into components which fall on to the brighter parts 
of the exciting Jane, and the intensity of the resonance increases. A further 
increase in the field pushes the components of a resonating line beyond the 
maxima of the exciting line, and the resonance begins to fall off again. 

To predict the exact field strength at which the maximum should be 
attained it would be necessary to know the precise distribution of intensity 
in each exciting Hue, as well as the comparative intensity of each Zeeman 
component of each resonating line. Such data are not available. At the 
observed optimum field, 12,0CM) units, the components of Dj would all to off 
the dark centre of the exciting line, though well within the limits of the 
bright part of this line. In the case of Da the innermost pair would not be 
clear of the dark central strip of the exciting line, but the two outer pairs 
would be on the bright part of this line. Thus the explanation of the 
maximum which has been given is in good general agreement with the 
observed breadth and structure of the exciting lines. 

To see the resonance clearly pass the maximum it is necessary to use a 
tube only a few millimetres wide, as described, for the strong field required 
cannot be produced in a larger vessel. But if it is desired merely to show 
the increase it is better to use a tube 2 or 3 cm. wide between large flat 
pole pieces. The liglit should be limited to a strip 1 cm. wide, along that 
part of the tube which is in the field. A suitable diaphragm should be 
placed in front of the flame and focussed upon the tube. 

§ 4. Uxcitmq Flame in the Mngiuiic Field, 

The flames used were as before, and either of them could be placed 
between large flat polei pieces, allowing of a maximum field of 9000 units. 
The flam© in each case was focussed on the wall of a bulb of 300 c.c. 
capacity containing sodium. The bulb was kept hot over a gas burner, and 
was continpously exhausted by the Gaede molecular pump. With the weak 
flame the resonance was diminished by the field. The experiment serves as 
a striking demonstration of the Zeeman effect, and of the various experi- 
ments described it is perliaps the best for this purpose. Since the vessel 
containing sodium vapour has not to get into the space between the magnet 
poles, it can be made large, and a large patch of resonance radiation produced 
upon it The effect of the field on this could quite well be shown to 10 or 20 
persons at once. 



394 , Hon. R. J. Strutt, C^sertHxtions on the 

The explanation is, of course, analogous to that already given for the oaso 
when the same flame is used, applying the field to the resonating vapour. 
In the present instance the exciting line is split up and displaced so that 
the resonating line no longer falls upon it. 

The case of the strong flame in the field is less simple. The observed 
result is that the resonance radiation is increased, though this is not quite 
so striking as the diminution with the weak flame in the field. 

In int,erpreting this result we have first to consider what effect the field 
will produce on the broad bright line. Assuming that the Zeeman com- 
ponents are each as broad as the original bright line, the field is insufficient 
to separate them to any important extent. We have, therefore, still a oon- 
tinuoua bright background. On the other hand, the comparatively narrow 
lines of the reversing layer are definitely sej)arated. Thus they may have 
uncovered the centre of the bright line, which is the part of it effective in 
producing resonance.* As a matter of fact when the source was examined 
with the concave grating, it was observed that the dark reversed centre 
of Di became brighter, on exciting the magnet, so that it was now difficult 
to see that the line was reversed. In the case of Ih the reversal became 
bi'oader, though I could not be sure that it was less dark. But the increase 
in the central intensity of l)i accounts for the observed increase of 
resonance radiation. 

Both the experiments of this section can readily l)e made with the volume 
resonance as well as with the superficial resonance. It is merely necessary 
to work at a lower . teinperature.f The effect on the volume resonance is the 
same as that on the superficial resonance — decrease by magnetising weak 
flame, increase by magnetising strong flame. 

§ 5. Summary. 

1. The centres emitting resonance radiation of sodium vapour excited by 
the D lines are not persistent enough to be carried along when the vapour is 
distilled away from the place of excitation. This result is extraordinary, 
l)ecause it contrasts absolutely with the behaviour of sodium vapour excited 
electrically. It also contrasts absolutely with the behaviour bf mercury 
vapour, whether excited optically (2636 resonance radiation) or electrically. 

2. The resonance radiation of spdium cannot be seen through even a very 
dilute layer of sodium vapour placed in front of it — a layer quite transparent 
to white light. This explains why the spot of superficial resonance produced 

* Of course this discussion of the subject makes no prsteuaions to completeness, 
t See Bunoyer, loc. cit. 
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on the wall of a glass bulb can only be seen from in front, when the light 
passes to the eye without traversing sodium vapour. From the back it 
cannot be seen, as Dunoyer has observed. 

3. The resonance radiation of sodium vapour is changed in intensity when 
the vapour is placed in a magnetic field. 

If the exciting flame is weakly salted, the radiation diminishes with 
increasing field strength. 

If the exciting flame is strongly salted, the radiation increases to a 
maximum and then diminishes again. 

4. A change in intensity of resonance radiation can also be observed when 
the exciting flame is placed in the magnetic field. 

In this case a weak flame gives diminished radiation in the field, while a 
strong flame gives increased radiation in the field. 

5. All the facts summarised under 3 and 4 can be explained qualitatively 
and quantitatively, so far as the available data will go, by taking into account 
the known Zeeman resolution of the D lines, and the observed width and 
structure of these lines as emitted by the flames used. The latter data were 
obtained by observation with a concave grating of high resolution. 

I have much pleasure in thanking Prof. A. Fowler, F.E.S., and Mr. F. S. 
Phillips for help in making these observations with the giating. 



The Absorption in I^ead of the y-Rays emitted hy Radium B 

and, Radium C. 

By H. EichardsoKi M.Sc., Demonstrator in Physics, School of Technology, 

Manehester. 

(Communicated by Sir Ernest Rutherford, F.E.S. Received April 3, 1016.) 

In a previous paper by Rutherford"^ and the author attention haa been 
drawn to the fact that the two types of 7-radiation emitted by radium B 
and radimn C which are exponentially absorbed by aluminium both show 
irregular absorption curves when lead is used as the absorbing material. 
The curve obtained for pure radium C was observed to fall far more lapidly 
than was to be expected from an exponential law of absorption, and was 
found to become exponential only aiter traversing a thickness of 1*6 cm. of 
lead. The absorption curve in lead of the y-rays from radium B was 
obtained by taking the difference between the radium (B + O) and the 
radium C curves. The results so obtained were not determined with very 
great accuracy, but they served to show that in this case, too, the absorption 
is not exponential, and that the absorption ooeflSoient rapidly diminished 
from about =» ll(cm,“^) to /ti xs 2(cm."'^), The accuracy of the curves 
did not, however, permit of their complete analysis as in the case of those 
previously obtained for aluniiiiium. 

During the course of his work on characteristic radiations Barklaf has 
pointed out and investigated the anomalous effect on the absorption of 
a characteristic radiation by an element whose atomic weight is near to that 
of the element which emits the radiation. His experiments M^ere, however, 
confined to elements of comparatively low atomic weight. As the atomic 
weights of radium B and radium C can only differ by a small amount, and 
as they have atomic numberst differing only by unity, viz,, radium B « 82 
and radium C = 83, it seemed of importance to determine accurately the 
absorption curves in lead, and to examine whether any additional informa- 
tion can be obtained which may indicate whether the radiations emitted by 
radium B and radium C ate characteristic of these elements and fall into the 
series given by Barkla. 

Mdhod of Riypmmwni, — It has been pointed out that the absorption curve 
for the radium B radiation was previously obtained as a difference curve by 

* Rutherford and Richardson, * Phil. Mag.,' vol. 25, p. 722 (1913). 

+ Barkla, * Phil. Mag./ vol. 22^ p. 396 (1011). 

I Rutherford and Andrade, ‘Phil. Mag./ vol 27, p. 854 (1914). 
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ftndiitg first of ail the curve using an a-ray tube a» the active source, and 
by allowii^ for the effect due to the radium C. In order to obtain duect 
results it was thought better if possible to detemine the curve using 
radium B itself as the source. This is rather diflficult owing to the rapid 
traiiftformation of radium B into radium C. The ideal arrangement was 
therefore to obtain a source of pure radium B, and then to find several 
points on the absorption curve whilst the percentage of radium C present 
was suiall. In order to do tins it was necessary to have a source of pure 
radium B. This was obtained in the following manner : 200 millicuries of 
radium emanation were enclosed in a glass tube over mercury as shown in 
fig, 1, The whole was then allowed to remain for a period greater than 
four hours so that radioactive equilibrium was established. The 
emanation was then pumped off, and the glass tube was washed with 
absolute alcohol in order to remove all traces of grease and emana- 
tion, By this method one obtains on the glass a deposit of radium A, 
radium B, and radium C in equilibriiun. In order to remove the 
radium C some nickel filings were placed in the tube, which was 
then filled with boiling dilute hydrochloric acid. The acid was then 
kept boiling for about 15 minutes. Exi>eriment* had pre\’iou8ly 
shown tliat in such a case the radium C is deposited on the nickel, 
and that the separation is very efficient. It was hoped that by this 
means the whole of the radium C would be completely removed. 
Moreover, since the nickel was kept in the solution for 15 minutes 
the whole of the radium A hud in that time become transformed intor^adium B, 
and consequently only pure radium B should remain in solution in the acid. 
The solution was t hen quickly poured off on to a quartz plate and evaporated 
to dryness. The time at which the acid was poured off was noted and in the 
calculations it was assumed that at that moment only pure mdium B existed 
in the solution. In order to determine how far the assumption was accurate 
it was only necessary to measure the growth of the radium C by measuring 
the rise of activity in the ordinary way through a thickness of 1^5 cm. of 
lead. This c^n then be compared with the theoretical rise curve as deduced 
from the theory of successive changes, by assuming the matter to be initially 
pure radium B. The results of several experiments showed a perfect ^reement 
between the theoretical and actual rise curves and thus justified the assump- 
tion that the removal of the radium 0 by the nickel was quite complete. 

In order to determine the absorption curves the apparatus and method 
already adopted and described in a previous papert was used, 

* Butborford and Richardson, ‘ Phil, Mag.,’ vol, 25, p, 722 (1918). 

f RatWfordund BichercUon, ‘PliiL Msg*,* voL 26, p. a24(l»13). 
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The absorption curve in lead for the radium C radiation was* first of all 
carefully determined. For this experiment a source of pure radium C oti a 
nickel wire was used» the soft radiation excited in the nickel being cut out by 
a very thin sheet of lead. The curve was obtained up to a thickness of 
1*8 cm, of lead, after which point the absorption was found to be exponential 
with an absorption coefficient fx = 0*5 the value already obtained in 

previous experiments.* The curve, fig. 2, shows the results obtained. 



The radium B absorption cuive was next obtained by using the deposit of 
radium B prepared in the manner already indicated. This curve was, of 
course, difficult to determine owing to the variation of the amount of radium C 
present from moment to moment, and also owing to the rapid decay of the 
radium B itself. The actual curve was obtained in the following manner. 
The total ionisation was measured for the various thicknesses of lead foil 
required, in the usual manner. During the course of the experiments several 
readings were taken of the ionisation through a thickness of 2 cm. of lead, 
that is, a thickness sufficiently great to cut out entirely the effect due to the 
radium B. By this means it was possible to calculate the effect due to the 
radium C pi^esent at any time during the experiment, and hence, from fig. 2, 

♦ Rutherfoid and Richardson, *Phil. Mag,/ vol 26, p, T22 (X913). 
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the effect oorrespouding to the particular thickness of the absorber being 
used. The difference between this and the observed ionisation gives the 
true effect due to the radium B alone. All that is then necessary is to 
correct the readings for the decay of the radium B itself. In this manner 
the absorption curve shown in fig. 3 was obtained. This experiment was 
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Thicknei>iH iu mm. of lead. 

repeated several times, the agreement between the separate experiments being 
very good. 

In order to examine whether the absorption curve for the radium B 
radiation could be accurately obtained by using an a-ray tube as sourcie and 
allowing for the effect of the radium C, the curve was also again carefully 
determined. The following Table, which gives the results actually obtained 
by the two methods, sliows that the agreement is well within the limits of 
experimental error. 

Analyst of Radium B Ahaoi^ion Curve , — The curves obtained were 
analysed in the manner already described in previous papers ifoc, Tlie 
results showed that the radium B radiation consists of three types which are 
exponentially absorbed. The hardest type has an absorption coefficient 
ya = I'o (cm."'^). The ionisation (measured with an electroscope filled with 
methyl iodide vapour) due to this type compriees about 12 per cent, of the 
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Table I, — Absorption in Lead of the 7*Ilayi) of Saditun B. 


Thioku«« of 


mm. 
0 1 
0*2 
0 4 
0*7 
1‘09 
2*18 
8*06 
4*15 
6*12 
9*18 


BAdium B as nouroe. 


100 
-86 -7 
68 *1 
47*9 
84 *4 
26*2 
16*6 
9*0 
6*2 
8-5 


tube an source. 


100 
82 *0 
02*7 
47*1 
85*4 
22*8 
16 -8 
10*8 
6*2 
8*6 


total ionisation under the experimental conditions. The two remaining types 
have coefficients /i = 6*0 (cm."*^) and /i = 46 (cm."^). About 26 per cent of 
the total ionisation is due to the former type of radiation and 62 per cent, to 
the latter. 

Exami)wiion of the Kadium 0 Ahsoiytiati Curve. — Attention has already 
been drawn ta the fact that the absorption curve for the radium C 7- radiation 
is not exponential from the beginning, but no analysis had so far been 
attempted. The analysis, performed as in the previous cases, of the curves 
obtained showed that, under the experimental conditions, about 85 per cent, 
of the total ionisation produced by radium C is due to the very penetrating 
type for which /t = 0*5 (cm,*"^). The absorption curve of the remaining 
16 per cent, of the radiation seemed to be very similar in character to that 
obtained for radium B. The resj^ctive curves are shown in fig. 4. 

The agreement is well within the errors of experiment and gives conclusive 
evidence that these radiations are indistinguishable by absorption methods. 

.Dkcimdon of the Ikmdts. — The examination of the absorption curves in 
lead thus shows that radium B and radium C both emit three types of 
radiation which are exponentially absorbed, in addition to the very 
penetrating type of radiation emitted by the latter body. These results are 
quite in agreement with those recently obtained by Rutherford and Andrade* 
in their determination of the spectrum of the penetrating y-rays from radium 
B and radium C. They concluded that some of the lines in the spectrum 
were probably close doubles, the lines being considerably wider than would 
be the case for a radiation of single frequency. The results thus appeared to 
indicate that part of the spectrum of radium B is not very different from that 
of radium C. Of course such a small difference of frequency in the radiations as 

* Rutherford and Andrade, ‘ Ptul. Mag.,’ vol. 28, p* 284 (1914). 
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indicated by the above experiments would be difficult to detect by the 
ordinary absorption methods. 

It will be observed that tiie radiations emitted by radium B evidently 
correspond to that wlncli was previously thought to consist of one single ty];)e 



O Radium B — absorption curve in lead ; t\> Radium C — absorption curve in lead 

(soft type only). 


and for which ^ = 0*51 (cm.*^) in aluminium. Moreover, from the results 
given previously was assumed that the radiation from radium C 

consisted of the very penetrating type only, which has the absorption coefficient 
/ass 0*115 (omr*) in aluminium. It was, however, pointed out that the 
presence of a few per cent, of the fi = 0*51 type of radiation mixed with the 
more penetrating type would be very difficult to detect Owing, however, to 
the much more rapid absorption of this particular radiation by lead it is easy 
to demonstrate that it actually does exist. 

It should be observed that none of the radiations whose absorption in lead 

VOU XCL— A, 2 I 
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has been investigated correspond with that emitted by radium and radium 
Of and for which //. = 40 (cin."^) in aluminium. The latter radiation would 
]>robably have an absorption coefficient of the order 1000, in lead, and hence 
would be entirely cut out by the thinnest absorbing layers need in these 
experiments. The examination of the absorption in lead of this radiation has, 
not yet been completed on account of the impossibility of obtaining absorbing 
layers of lead sufficiently uniform and thin, 

(Jlumuieristic Radiaiioiu of Badinm B and Exidmin C, — Evidence has 
already been given by Ilutherford| which indicated that the penetrating 
radiation emitteil by radium C might be the K series characteristic radiation 
of this element. The more recent resulis of Rutherford and Andrade have, 
however, led them to conclude that the 7-radiation from radium B is the 
K series characteristic of this element, whilst the very penetrating radium 
C radiation belongs to some higher series not before observed. It seemed of 
importance therefore to examine the absoq^tion of these radiations by elements 
of atomic weight very nearly the same as that of radium 0 in order to find 
whether any anomaly in the absorption occurs such as was previously found 
hy Barkla for the elements of low atomic weight. It will be remembered that 
the ab8<)r))tion coefficient of the radiation characteristic of an element i| 
abnonnally high for an absorber of atomic number slightly less than that of 
the element emitting the radiation. It would appear therefore that if the 
very penetrating radiation emitted by radium C is the K series characteristic 
of this elenient then it should be more readily absorl>ed in mercury or gold 
than in lead. It was not found practicable to determine complete absorption 
curves in the elements of high atomic weight, owing to the difficulty of 
obtaining large thicknesses of those materials, but comparative values of the 
absorption coefficients have been determined under the same conditions of 
experiment. Caro was of course taken in every case to cutout all the radium 
B radiation by inserting a suitable thickness of lead. The results obtained 
are given in the following Table. 

Table II. 


Absorher. 

Atomic number. 

M/d. 

Uranium 

92 

0 0476 

Lead j 

82 

0-0486 

Mercurv 

SO 

0 0416 

Gold 

79 

0*0426 

Barium 

66 

0*087X 


* Rutherford and Bichardaon, ‘ Phil. Mag.,’ vol 26^ p. 722 (1913). 
t Richardson, ‘ Roy. 80c. Froc.,* A, vol 90 (1914). 

I Rutherford, ^ Phil Mag.,' vol 24, p. 463 <1912). 
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It will be seen that no decided change in the absorption ooefficicnt can bo 
detected for the absorl)ers of different atomic number. 

The examination of the absorption curves for the radiation emitted 
radium B was then undertaken, the elements uranium, lead, and mercmy 
being taken as absoibers. The absorbing sheets had to be in the form of very 
thin layers of the oxides, and hence the curves could not be obtained with 
very groat accmracy. Moreover, the actual curves could not be analysed 
owing to the impossibility, under the experimental conditions, of finding the 
complete curve for each al>aorber. The results actually obtained are compared 
in the following Table : — 

Table III. 


Weight per 
unit urea of 
le^id oxide. 

lonina- 

tion. 

i Weight per 
* unit area 

1 of uranium 
j oxide. 

lonisa* 

tiou. 

Weight per 
unit area 
of lead. 

lonisa* 

tion. 

Weight per 
unit area 
of mercuric 
oxide. 

lonUa’ 

tion. 

grm. 


gnn. 


grm. 


grm. 


0-238 

100 

0 *233 

100 

0-227 

100 

0*220 

100 

0 -401 

HO -7 

0 -468 

87 *2 

0*464 

87 *5 

0*448 

87 *8 

0 '7m 1 

78-0 

1 0 -786 

! 76*0 

0*794 

76 *0 

0*806 

78*7 

1 *237 

72 -6 

; 1 *230 

69*4 

1*236 

70*9 

I 1 *202 

60 '4 

1 -689 1 

88 -6 

( 1 -705 

66 ‘9 

1*690 

82*4 

! J *70f> 

62 *0 

2 ‘411 I 

63 8 • 

2 *404 

62*6 

2*416 

68 *6 

2 -lKi2 

51 *4 

4*100 

64 '4 

! 4 -109 

61*9 





6 *837 

40 '6 

6-348 

47*0 





6*127 

46 -7 

1 6 *183 

48*9 





6*688 

44-6 

! 6 ‘686 

42 *6 


1 




It will be seen from tliese results that the curves obtained are almost 
identical, and hence it seems certain that in the case of the radium Bnuliation, 
too, no rapid change in the value of the ab8ori)tion coeflicient takes place. If 
the radiations emitted by radium B and radium G are characteristic of these 
elements then it would appear that the characteristic radiations of the 
elements of high atomic weight do not behave as regards absorption in quite 
the same way as tliose emitted by elements of lower atomic weight. The 
direct excitation of the characteristic radiations of the elements of high 
atomic weight has not, so far, been obtained. If this could be undertaken 
and the absorption of the radiations then examined the results should give 
much information on this subject, 

Sutmiary^ 

1, The absorption curves in lead of the radiations emitted by radium B and 
radium C have been determined and analysed. 

2. In addition to the penetrating type of radiation for which fx =s 0'5 (cm.*') 
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in lead, radium C has been found to omit soft tyjies for which = 46, /a 6*0, 
and yu. = 1*5, and which are practically absorbed by 1*5 cm. of lead. 

*5, The analysis of the radium B absorption curve shows that in addition 
to the radiation ya = 40 in aliuninium, the rays omitted consist of three types 
for which ya — 46> /x =: 6*0, and fx = 1*5 for lead. The close similarity of this 
latter radiation with that of the soft portion emitted by radium 0, already 
observed by Rutherford and Andrade, has been established, 

4. The absorption of the radiations in different elements has been examined 
and the bearing of the results discussed. No evidence of anomalous 
absorption has been found in the case of the penetrating radiations. 

I have much pleasure in thanking Sir E. Rutherford for the constant help 
and valuable advice which he has given me throughout the course of those 
experiments. 
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Local Differences of Pressure Near an Obstacle in Oscillating 

Water. 

By Mrs. Hektha Ayrtok, 

(Communicated by Lord Rayleigh, O.M., F.R.S. Received February 22, 1915.) 

[PliATES 4 AND 5.] 

In a former pa{>er* I showed that when a barrier fits tightly against the 
sides and across the bottom of a vessel of oscillating water (1) a vortex forms 
against each side of the barrier in turn as it becomes the lee side ; (2) this 
vortex never forms while the water is attaining to the mean level, but only 
while it is falling below and rising above that level. 

1 suggested that such vortices were due to the conjunction of the main 
stream flowing over the barrier with opposing local streams created by local 
differencos of pressure set up in the neighbourhood of the barrier by the 
oscillating water. Exception was taken to this explanation, and also, later, to 
experiments made with a box partially covered with thin gutta j)ercha 
diaphragms, for the purpose of proving the formation of the local differences 
of pressure alluded to. Tlie object of the present paj)or is to give an account 
of further experiments carried out for this same purpose, with pressure 
indicators which are free from the objection urged against the diaphragms* 
viz. : that they themselves might cause variations in the distribution of 
pressure. 

Premure hfidieMors, 

Fig. 1 shows the form of pressure indicator I now employ, magnified. 
AB is a glass tube of imier diameter about inch and length about | inch, in 
which a cork C is fitted, holding a very 
small glass tube D, through which a stem 
of graphite passes, carrying two small cork 
heads E and F. The stem and heads of 
the plunger EF are so proportioned that 
the whole either just floats or just fails to 
float in water, which ensures its moving to 
and fro through the carrier tube D with 
the least possible friction, when the whole 
pressure indicator is in position in the submerged obstacle. Since D is so 
small that no current can pass through it, any movement of the submerged 

* The Origin and Growth of Ripple-mark,” ‘Roy. Soc. Proc.,’ A, vol. 84, pp. 290, 291 
(1910). 
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plunger in the direction FE must indicate a greater pressure on F than on 
E, and in the contrary direction a greater pressure on E than on F, 

Method of Using Preaswre hulicaioTB. 

With these pressure indicators the various differences of pressure set up in 
oscillating water can be explored, but I shall here confine myself to those 
which arise close to a submerged obstacle* 

In iny former paper^ each half oscillation, or swing of the water in one 
direction, was called a swing. The time during which the water approaches 
the mean level position was called the first part of the swing, and that during 
which it departs fi*om the level was called the second part of the swing. 
Using the same tei-ms, the suggestions made on pp. 292-294 as to the 
differences of pressui'e sot up by the presence of an obstacle in oscillating 
water may be thus expressed : 

(1) During the first part of any swing the pressure at any point in the lee 
of a submerged obstacle is less than the pressure at any point — however near 
it — on its summit. 

(2) During the second part of any swing the above applies still to the 
upper poi'tion of the lee side, but over the lower portion the case is reversed, 
and the pressure at any point there is greater than the pressure at any point 
on the summit of the obstacle. 


Co7iMTmii(m of tho Obstacle. 

tn proving these conclusions by means of pressure indicators, the obstacle 
used is a block of wood with vertical sides, padded at the ends and 
underneath to enable it to pressed tightly against the sides and bottom of 
the tank, and hollowed out in the part where the pressure indicators are 
placed. Fig* 2 shows a vertical section in perspective of the hollow portion 
of the block and of the pressure indicators, EF, which are held in position 
by tightly fitting Ixired corks, H, K. The circular hole M, about i^ch in 
diameter, is the sole means of communication between the water in the 
cavity and that outside. Through this bole the pressure of the water passing 
over the obstacle can be communicated to Ei, Ea, the inner heads of the 
plungers of the pressure indicatoiB, but no oscillation can be set up in the 
cavity through so small a hole, and only the very small quantity of water 
that is displaced by the graphite rods in their movements to and fro passes in 
and out. Great care has to be taken to rid the obstacle and pi*es8ure 
indicators of all air before they are placed in position, as the smallest air 


* Loc. pp. 287, 292* 
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bubble iu one of the glass tubes may impede the motion of the plunger. At 
first the pressure indicators were completely enclosed in the obstacle, all 
except the outer edges of their tubes, which were 
flush with its right-hand side, instead of pro- 
truding as in fig. 2. Short lengths of horsehair 
driven into the heads Fi, Fa (fig. 2). parallel to 
the axes of the tubes, then enabled the move- 
ments of the plungers to be observed. As, 
however, it was found that exactly the same 
results were obtained when the tubes protruded 
a quarter of an inch or so beyond the obstacle, 
the more convenient method sliown in fig. 2 was 
adopted. 

The meaning of any movements of the plungers, 
when the water is oscillated, is quite clear. TM 
only variable pressures acting on the plungers 
are the pressure at M, transmitted through the 
water in the cavity to E], and the jn'essures 
at Fi, Fy. If both plungers are pressed outwards 
it shows that the pressure is greater at M than 
tliat either at Fi or at Fa ; if both are pressed in, 
the reverse is tho case. If one is in and tlie other out, the pressure at M is 
leas than the external pressure on the first and greater than that on the 
second. 

Fig, 3 (Plate 4) is u photograph of tho obstacle with the pressure indicators 
in position and tlie water at rest. The obstacle was well to the left of the 
middle of the trough, the ends of which, as well as the surface of the water, 
are out of tho picture. In order that the direction of flow of the water at 
vaiious points might be recorded, the three stream indicators made of 
ravelled silk tipped with cork were used. The one over the obstacle was 
mounted on a very long headless pin so as to keep it well away from the 
local disturbances near the obstacle. Tim one on the floor of the trough 
close to the obstacle was to the right of the tubular indicator, and the 
further one was in a line with it. The hole of communication with the 
cavity marked M in fig. 2 can be seen slightly to the right of the upper 
tubular indicator. As the indicators are placed, they are evidently in the 
lee of the obstacle during a swing of the water from left to right, and on its 
weather side during one from right to left. 



Fig. 2.— 'Section in Perspective 
of Obstacle fitted with 
Pressure Indicators. 
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Local Differences of Presswe as Shown by Presmre Indicators. 

Figs. 4, 5, and 6 are instantaneous photographs taken while the water 
was being oscillated — fig. 4 during the first part of a swing from left to 
right, fig, 6 during the second part of one in the same direction, and fig; 6 
while the water swung from right to left. * 

The stream indicators in fig. 4 show that during this first part of a swing 
the whole of the water was moving from left to riglit — that close to the 
lee side of the obstacle as well as that over it and that at some distance 
away. The plungers of the pressure indicators are both pushed out as far 
as they will go, showing that the pressure at each of the points Fj, Fa 
(fig. 2), on the lee side of the obstacle was less than that at the point M on 
top. This is entirely in accordance with the first suggestion made in my 
former paper and restated on p. 406. 

Fig. 5 was taken during Jihe second part of a swing from left to right. 
The distribution of pressure formerly suggested, and given again on p. 406, is 
here also justified. For while tlie upper plunger still remains fully out, the 
lower is pressed home, showing that during the second part of a swiiig, 
although the pressure on the upper part of the lee side of the obstacle 
remains lees than that on top, the pressure on its lower part is greater than 
that on top. Not only this, however, hut the stream indicators point to the 
fact that while the main stream continued to flow from left to right, tliere 
was a current in the opposite direction close to tihe obstacle ; for the stream 
indicator close to the block has a distinct trend from right to loft, although 
the other two are bent right down in the opposite direction. Here, then, is 
evidence, not only of the suggested differences of pressure, but also of the 
fact that the change in the direction of pressure on the lower part of the 
lee side is the result of no general turning movement on the part of the 
lower water, but is purely local, and is due to the presence of the obstacle. 

Fig. 6 was taken in the course of a swing of the water from riglit to left, 
and shows, as was to be expected, that the pressure at any point on the 
weather side of an obstacle is greater than that at a point on top. 

To return to the conditions in the lee of the obstacle. In my paper on 
“ The Origin and Growth of Ripple-mark I remarked, ** the second condition 
for the formation of a ripple vortex is tlrnt the resultant gravity pi'essure 
along the ridge on its lee side shall tend upwards/'* With the obstacle 
having perfectly vertical sides with which the above exjMsriments were made, 
there was, of course, no vertical component in tiie pressure of the water on 
the sides, but the direction of the vertical component of the pressure of 

* Zoc. city p, 204. 
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the water close to the side was easily tested by another experiment. I 
einl>edded a pressure indicator in a solid obstacle as shown in section in 
fig. 7, and, in order to have a perfectly fair test, I used 
sometimes a plunger having a slightly greater specific 
gravity than water and sometimes one with less. The 
result was the same in each case, and was such as was 
to be expected from the experiments wdth horizontal 
indicators — during the first part of a swing from left 
to right the plunger was pressed downwards, during 
the second part it was raised. It is clear that these 
local differences of pressure, in water that would 
otherwise bo at rest in the lee of a barrier, must cause 
local cuiTente there — downwards during the first part 
of a swing and upwards during the second. During 
the first part of a swing, therefore, there is a local 
pressure difference which creates the condition 
necessary to give rise to such jets as I have observed 
by placing a grain of permanganate of potash on the 
summit of an obstacle.* During the second part of 
the swing the pressure indicators show that there must 
be a local current in the lee of the obstacle, somewhere 
below the surface, which moves in opposition to the main stream towards the 
obstacle and wpwards. Two currents opposing one another in this way are 
all that is needed to cause such a vortex as was made manifest in the lee of 
the obstacle by the grain of permanganate of potash* during the second port 
of the swing. 

Conchmon. 

I submit, therefore, that these pressure indicators afford conclusive proof 
of the truth of the following suggestions, that I first made in 1904, in 
explanation of the jet and vortex that I had observed in the lee of a 
submerged obstacle un^er oscillating water : — 

1, When the water is approaching the mean level there is a diminution of 
pressure, or partial vacuum, ci^ated in the lee of the obstacle. (Proof in 
fig. i) 

2. Wbw the water is departing from the mean level the diminution of 
pressure continues high up pn the lee side, but over the lower part there is a 
pressure in the apposite direotion to that ot the main stream* (Proof in 
fig. 6.) 

^ Loe. eitf p. SPi. 



Vertical Presaure In- 
dicator for Testing 
Vertical Pressure. 
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3, The jet in the first part of a swing is due to the local current created 
by the local diflerence of pressure; the vortex in the second part of the 
swing is due to the conjunction of the main stream with the opposing local 
current set up by the local pressure difference. 

My warm tlianks are due to Mr. MacKinney for the zeal and ability be 
displayed in taking the instantaneous photographs from which figs. 3*6 are 
reproduced. 


DESCRIPTION OF PLATES. 

Pig, a. — Obetacle with Pressure and Stream Indicators in Position in Tank, with the 
Water at rest. 

Fig. 4.*“Swing from Left to Bight — ^First Part. 

Fig, 6. — Swing from Left to Right — Second Part. 

Fig. 6, — Swing from Right to Left. 


Some Problems Illustrating the Forms of Nehuhe. 

By Geobge W. Walker, A.E.C.Sc., M.A., F,E.S., formerly Fellow of Trinity 

College, Cambridge. 

(Eeceived March 27, 1915.) 

The possible forms of distribution of a mass of gaseous material under the 
influence of its own gravitation are of considerable interest in the nebular theory. 
The law of density which it appears moat reasonable to assume is Boyle*s 
Law, in which the pressure is proportional to the density, unless the pressure 
becomes so groat that the material begins to resemble an incompressible 
substance. Although it is unlikely that the temperature is uniform through- 
out, still the solution under this restriction would be of value as a step in the 
direction of greater knowledge as regards possibilities in astronomical 
phenomena. 

The equations con be formed and lead to a difTerantial equation for the 
surfaces of equal density. This equation is not linear, and in the three- 
dimensional case little progress to a general solution has been made. In the 
two-dimensional case, however, considerable progress can be made, 

A number of years ago I obtained the exact solution of the statical case 
of symmetry about the origin. Shortly after I found that Pockels bad 
obtained the complete solution of the statical two-dimensional equation, and 
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lustrating the Forma of Nebula, 


m 


1 thia in a short paper oontrlbuted to the 'Boltzmann 

Jubilee Voilume/ p, 242, but, so far as I know, no further application of the 
edlution obtained by Pockels has been made. I have recently examined some 
particular cases and have arrived at results indicating such a close analogy 
with actual astronomical forms that 1 venture to hope they may be of interest 
' as suggesting types that may be expected in three dimensions. 

We begin by consideration of the fundamental equations. 1 ^ 5 t V be the 
gravitational potential, 7 the gravitational constant, p the pressure at any 
point of the gas, p the density at any iK>int of the gas, x, y, the Cartesian 
co-ordinates of any point. 

The hydrostatic equations of equilibrium are 



and the potential must further satisfy the equation 




^4t*rryp, 


If 2 > = f>/h, where h is a constant, we get as an integral 


or 


Hence 


I// 1 . log^ == V +coDStant, 


P 

dx^ 


= — 47r7p^tf^^‘', 


This is the equation of which Pockels has obtained the solution in terms of 
two arbitrary functions as follows. As x -f is the 

03 03 

solution of = 0, then the solution for V and p is 



We require to put this in a form which gives real positive values to p, and 
I find that this can be secured by taking 

Otherwise, if <f> and are conjugate functions, so that 

^ + i\|r =s /, (.« + iy), 


we get 

and hence 



X 


poe*x ts 


2 m/dxy+(Wm 

*rryh 
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This remarkabJy general form gives us possible surfaces of equal density, 
when any known conjugate functions are assigned. I do not know whether 
a more general Ibnn giving real positive density exists, and it may be a matter 
of interest to pure raathematieians to investigate this point, just as it would 
be of value to applied inalhematicians to know the most general form. 

Cane /. — If we take 


^ ==: (r/a)”cos?t0, = (r/a)** sin 

we get o = | — - — - sech^ ulog(r/a) 

T* 

2n^ f /rY , 

'jryhci'^ L vr/ \r / J 


This is the most general case of circular symmetry. 

We note that when n <^1 the density becomos inhaite at the origin, 
elsewhere finite, and vanishes at oo . When n — 1 the density is finite at 
the origin, and elsewhere is finite, vanishing at co . When n > 1 the density 
is zero at the origin, rises to a finite maximum, and then diminishes and 
vanishes at infinity. 

Writing the equation in the form 


p/i“i 




-3 


the curves in fig. 1 show p/pi as a function of rja, for the four special 
values = 0, 1, and 2; a k still at our disposal while pi = 2n^liryha^ ia 

determined when n and a are fixed. 
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Boyle^s Law involves the possibility of an infinite *<lensity, and the law 
does not hold physically ’ so far. In this and in other cases where a 
singularity occurs we may replace it by a solitl nucleus arranged so as to 
give the proper value of V over its surface. 

This case of circular syinmeLry for > 1 appears to have some analogy to 
a ring nebula. 

Cane //.--I'ake 

(f) = /r 3 log r/a, yfr = 

we get p = poc.’’'^ = [log® (/•/«) +e-^ + 

The surfuces of equal density are given by 


= - log® ^ 




The curve, fig. 2, shows the ])articnlar surface 


02 ^ + 

drawn to a scale of 10. 


A 



This case is somewhat peculiar. Starting with 0^0 when r/a = 1, the 
curve for positive values of 0 proceeds as shown, continually approaching the 
origin by a succession of diminishing spirals. The locus is, however, 
symmetrical about 0^0. If now we proceed to draw another surface of 
different density it would be found to cross the original curve at a succession 
of points for which 0>vrj This would m€»n that at such points two 
densities are possible, and we cannot admit this. We must, therefore, stop 
tile curve at the nodal point 0 » w, and tlieu the complete series of curves 
of equal density form a series of non-intersecting curves of this remarkable 
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pear shape, the density falling off to zero at infinity and increasing towards? 
the origin with a Hingularity at the origin itself. The pear may be made- 
sharper or blunter by taking different values of 6, which is at our disposal 
This form of distribution is of some interest in connection with the- 
researches of Darwin, Poincart5, and Jeans. 

Case 111. — Lt^t us take the elliptic co-ordinate transformation 


x^iy f; cosh 4-^), 
and let ^ 

Then we get 

f> = ^-^_(8ii)2^4,ginh® seeh^ 'M(f — fo). 

Thus the surfaces of equal density may be written inithe form 


siu^r; = 


For = 1, fo 


= 0, 
sin^ t; 


P COBh^?t(f— fo) 

we get 

4 1— cosh® 


4l — cosh®f. 


n. = ei_i 


P cosh® I 

Fig. 3 shows the curves obtained for p/p\ = 1, 2. The density falls off 

to zero towards infinity, while for values p/pi > 1 the locus breaks up into 



two ova] curves about F and F', which are the foci of the original ellipsee 
in the transformation. F and F' are singularities at which p would be 
infinite. The general character of the loci is not altered by giving fo some 
finite value. For comparison fig. 4 shows on the same scale the result of 
putting n =: 2. The equation is 

and Uie curve drawn is for /n/pi =& 1. It is seen to be rather Setter than the 
corresponding curve for u =s 1. 

This case then, as a whole, has some analogy in the case of a nebula wi& 
two fundamental equal nuclei. 



Some Problems Illustrating the Forms of Nehulm, 415 

Numerous other cases xaay be worked out, and it is simply a question of 
detail in assigninjaf forms to the conjugate functions ^ and But perhaps 

n -2 



these three cases are suiiicieut to indicate the generality of the method, and 
the remarkable interest of the forms that can be obtained. 

I pass to the consideration of an important related problem. 

The material of an actual nebula may be moving and not at rest, and in 
particular it may be rotating. As the rotation, if it exists at all, is very 
slow, the divergence from the statical equilibrium in such a case would be 
extremely small, so that the statical solutions are themselves of value. It 
is, however, of interest to know what the effect of motion may be. 

The simplest case wo can consider is the final state in which tlie material 
rotates about an axis like a rigid body, with steady angular velocity o). 
There the problem reduces to a statical one, when we take axes rotating 
with the material and add to the gravitational forces the centrifugal effect. 
In the case of a gas such a rotation, however small, can hardly be expected 
to extend indefinitely, and we should rather expect the motion to fall off 
and finally cease at a great distance. While keeping this in view, it is not 
without interest to examine what effect such an imposed uniform rotation 
would have. Mr. Jeans* has referred to this problem, but without giving 
details. Some of my results are in agreement with his conclusions and 
others apparently diverge. 

If the components of velocity are and v, and we neglect viscosity, the 
equations for a steady motion referred to fixed axes are 


ax oy ft ox dx 

101o«p,0V 



ftv = 0 . 


0»V^3»V . 


* ‘ Phil. Tran».,’ voL 213, p. 462 (1614). 
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In the case of symmetry, where /o is a function of r only, may take 

U = -yf, V = Xf, 

where / is a function of r only. 

The equations tlren reduce to 

p = poe'dv+>rar)^ 


i_0 av 

r dr ^ 3r 


~^4k7ryf). 


If /= ca, we get the caae of rigid body rotation, an<l p — 

If / we get an irrotationar’ motion, and p = -4 »•«*/»■»), 

In the latter case the velocity falls off as r increases but is infinite at the 
origin. We might make / any function of r ; and among these we may 
select one, we*"''/", which makes the velocity zero at the origin and also 
zero at great distances. But such cases are not steady and the influence of 
viscosity would arise. 

We cannot, in general, integrate in finite terms the equation 


1 . 
r ^ 15r 


• 4 iryp^e^ < v +//vrfr) , 


but if we 8up])ose/8o small that V differs from its value Vo in the statical 
case /= 0 by a small quantity x approximately 

r 

dr or 






Let dr = a, and r = oe*, then the equation may be transformed to 

a»a ^ 2 to» 

W»' 

Now the equation 

z = 0 




^ + . 


2n» 


0^ cosh^ 110 

has a solution c = A tanh n$. 

Hence the equation may be written* 

^ A 

noth 710 ^ tanh* n0 ^ z coth n0 
and the particular integral which we require is 

z = ft* tanh nd | coth® n0 1 tanh n0 

* Of, Boole, ‘Differential Equations,* p. 205. 
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For uniform rotation /= w, and then 

2 = 2rt»a)*tanh j coth*»^ jtanh nO^iWdff. 


In the case ?i = 1 this gives 


and for n = 2. 


(rw 


|2(tan-‘,y_j^,) + g 5 ^>j (l-? tan- j- . 
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where y = 

Those curves are siiown to scale in figs. 6 and 6, and we note that in both 
cases 2 = 0 when /■ = 0, is everywhere positive, and finally becomes infinite and 
proportional to when r is great. 



The general effect of the rotation is then to increase the density from what 
would obtain in the statical case, and by increasing proportion as r increases 
from the origin, but even if it were permissible to pass to large values of r 
the density would still diminish to zero. We cannot, however, extend our 
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solution to large values of 2:, but we may say that the tendency of the rotation 
is {e,g. when w, s= 2 ) to make the density rise more steeply to its maximum 



valuo and to move the point of maximum density further out with increasing 
0) ; but there is no indication of a tendency to throw off the outer layers. 
This latter result disagrees with the general conclusion stated by Jeans 
cit. write). 

For “irrotationar' motion /=G)a^/r* and the particular integral we 
require is 


= 


r 1 (v-i) 
1 ) 


-f tan"^ 


0/^—1) taxi~V/ 

^'~(.r*+l)J y 



where y =: 


In this case 2: is negative and infinite when r = 0 , rises to a maximum 
positive value, and again declines to a negative and infinite value as r becomes 
indelinitely great. As before, we cannot extend our solution to great values 
of z, but we may say that the tendency of the motion is to make the distribu- 
tion hollow near the origin, to increase the concentration towards the 
maximum density at a finite value of r/a and finally to tend to throw off the 
outer layers when r l>ecomes great. This latter conclusion is in agreement 
with Jeans. 

When we pass to other oases such as Cases II and III, where the original 
distribution of density is not symmetrical about the oiigin, it is rather 
difficult to think of any steady motion other than uniform rotation which 
would leave the distribution in anything like a permanent form. We must, 
therefore, confine our attention at present to this case, artificial though it 
may be. 
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Taking axes through the origin and rotating with the material with 
angular velocity w, we have the equations 




t>v a»v 

a-.-^ fV 


— 47r7/o. 


Again, let m be small and let V differ from its value Vo when m = 0 bya 
small quantity Then 

p = { 1 + A (x + J <»*>■*) } . 

and 1^4-^= + 


+ -47ryM«*^-^+2a.» 

In Case II of the distribution of pear-shaped character I find that the 
BolutioB will have to bo obtained by a somewhat complicated series, and as 
I have not yet gone very far with it I pass to Case III, which can be 
integrated in finite terms. We had as the statical solution 


P s=: (sili^ f) -f sillll^ ^ SCCll® nf. 

2 Try h(r 

Hence the equation we have to solve is 


27/3 


^4*^ = — ^s(8m3i; + 8inh3f)“^ sech^ //.f -f 2 
■or, on changing to elliptic co-ordinates f, t;, we get 


af - 


271^ 


i: -f 0)3^3 (cosh 2 ^ — cos 2 1 /). 


cosh^ 

The solution in z Zi-^z^c^os 2??, where Zi and z<i are functions of f only, 
and satisfy 


and 


cosh^ 


A solution for Zi, when eo = 0, is 5:1 = A tanh Hence the particular 
integral is 

Zx =s a)*c3 tanh nf J coth^ yjf | lanh rtf cosh 2 f rff 

A solution for zn, when a> = 0, is 2:2 = A cosh^ nf * Hence the particular 
integral is 

{4-f ^cosh^wf logcoshTtf— tanh?tf (2co8h*nf4'lX}. 
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The case n <= 2 admits of easy expressiou, and we have 

(cosh 2 2 sech 2 f ) 

4 

Z 2 = { 8+7 cosli^ 2 1 log cosh 2 f — f tanh 2 f (2 cosh^ 2^+1)}. 

We may trace the effect of this on the density. Along the axis of x from 
0 to F (see fig. 4) f = 0, and r/ cfianges from J tt to 0. 

Hence 2 : = + zu 00 s 2 1 ; = (1 — ^ cos 2 ??), 

and so c ranges from at O t(j — at F. 

From F to 00 , 1 ; = 0 atid f nuiges from 0 to oo . Hence 
c = = ift)V{cosh2f‘-2sech2f-fi+|cosh^2f logcoBh2f 

-j-ftanh2H2co8h22^+l)] 

This function is coV at F, increases and becomes positive as we increase 

and iKScomes infinite and positive with wV/doosh 2f as f becomes infinite. 
Again, along the axis of y, »; = so that 

z = Z 1 — Z 2 = Jft)V{cosh2^— 2sech2f-*-^ — J cosh^ 2f logcosh 2|^ 

+ -J- 1 2 f (2 cosh^ 2 f + 1 ) } . 

At the origin f = 0 this function is — it increases as f increases 
and becomes positive, finally being infinite and positive with i wVcosh 2f as 
f becomes infinite. 

The effect of the rotation is then to diminish the density near the origin 
and to increase it at greater distances, but there is no clear tendency to throw 
off the outer layers, since the function becomes positive and infinite and not 
negative and infinite. This is, again, in apparent conflict with Jeans' conclu- 
sion. It would thus appear from the cases considered liere that a finite 
boundary of a gaseous mass is not to be looked for as a. consecpience of 
rigid body rotation, but rather as a consequence of some other type of 
motion in which viscosity may play a part. 

My sincere thanks are due to Sir Joseph I.rfinnor for kindly criticism and 
advice. 

[Noie added April, 1915. — It has been pointed out to me that in Case II 
0V/30 becomes discontinuous along the line 0 ^ ±7r. Hence this is a line 
of singularities. In accordance with the principle already stated we must, 
therefore, sxippose this line to l:>e occupied by solid matter of the proper 
density at any point, determined by the change of 1/r , 3V/30 in 
this line. Theoreticully this distribution would extend indefinitely, but 
practically the density of solid matter required at any point on ^ « w 
becomes very small as the distance from the origin increases,] 
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On the Application of Interference Methods to the Study of the 
Origin of Certain Sp>ectrum Lines, * 

By Thomas E. Mketon, B*Se, (Oxon.), Lecturer in Spectroscopy at University 

of Loudon, King's College. 

{Communicatod by A. Fowler, F.E.S. Received May 4, 1915.) 

Introductory, 

In recent years, great progress has been made in the study of the nature of 
spectra and of spectral series, but it may he said that very little is yet known as 
to the nature of the luminous particles from which different spectrum lines 
originate. It is generally supposed that band spectra arc in some way due to 
molecules, whilst series spectra arc usually associated with the atom. 
Enhanced lines were for many years supposed to l)e due to proto-elements, 
or simplified forms of tlic chemical atom, a view which has recently to some 
extent fallen into discredit. The evidence for all these hypotheses is of a 
circumstantial nature, and very little definite evidence as to the natun) of the 
luminous particles is available. 

In their recent important researches, Buisson and Fabry* have opened up 
a new method of attacking tlie juoblem. The method adopted by these 
investigators consists in measuring the limiting order of interference at which 
fringes can be observed for different radiations. Thb limiting order of 
interferemee depend.s on the widths of the spectrum lines, from wliicli certain 
deductions may be made with regard to the temporaturo of the source of the 
radiations, and the masses of the particles wliicli are concerned in their 
production. The theory of the method has recently l)een discussed by Lord 
Eayleighf and by Schonruck.^ Tlie chief circunmtance which need be 
considered as determining the widths of spectrum lines produced in gases at 
low pressures is the Doppler effect due to the motion of tlie luminous particles 
in the line of sight. The researches of Michelson§ have shown that at higher 
pressures a broadening of the lines occurs, this broadening being attributed 
to disturbances caused by collisions between the luminous particles, hut that 
at pressures below one thousandth of an atmoapliere this cause of broadening 
may be considered negligible. 

* ‘ Jouni. de Physique/ vol. % p. 442 (1912). 

t Mag./ vol. 170, p, 274 (1915). 

I ‘ Ann, der Physik/ vol. 20, p, 995 (1900), 

g ‘Phil. Mag.,’ vol, 34, p. 280 (1892) ; * Astrophys. Journ./ vol, 3, p. 251 (1896). 
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In the case of radiations produced at low preasures, the limiting order of 
interference at which fringes may still bo visible is given by the relation 
1 ?'= 5 Kv/(M/T), where N is tl)e limiting order of interference, K a constant, 
* M the atomic weight of the luminous particle, and T the absolute temperature. 
The value of the constant K is given by Lord Eayleigh (loc. cit) as 1*427 x 10®, 
whilst Buisson and Fabry (loc. cit) adopt the value 1*22 x 10®. In the case of 
the inert gases, the validity of the formula has been experimentally proved 
by Buisson and Fabry (loc. cit), and in the case of sodium by Schdnrock {loc. 
cit) on the assumption that the radiation originates in the sodium atom. We 
may now consider more exactly the conclusions which may be drawn from a 
measurement of the limiting order of interference. If we suppose that at 
low pressures the only circumstance which can possibly influence the width 
of the lines is the Doppler effect considered in the theory, it is evident that 
if the temperature of the source is known, the masses of the luminous particles 
can be calculated, and conversely, if the masses of the particles be known, the 
temperature of the source can be determined. In the simple case of two 
radiations from the same source, if the mass of the luminous particle from 
which one radiation originates is known, the mass of the luminous particle 
concerned in the production of the second radiation can be calculated 
‘independently of the temperature of the source or the exact value of the 
constant K. 

Any deductions made on the assumption that the only cause of broadening 
is due to the Doppler effect must be accepted with caution, since there is some 
reason to suspect that under certain conditions some other cause of broadening 
may be operative, although such cause of broadening is not at present 
theoretically indicated. Let us therefore assume that some hypothetical 
cause of broadening exists. We may write for the breadth A of a line, as 
due to tlie Doppler effect, 

A = Kiv^(T/M). 

Let the breadth of the line as determined by some hitherto unsuspected 
eircumstatices Ai, then the effective breadth of the line which determines 
the limiting order of interference will be A-f Ai; whatever circumstances are 
operative in determining the breadth of a line, the breadth can never be less 
than A, that is to say the value of N found can never be greater than the 
value indicated by the equatioii. 

It may further be pointed out that any imperfection in the experimental 
tttrangemoats, any ill adjustment of the interferometer plates, or any deficiency 
in the technique of observing the indistinct fringes can only give too low a 
value for N. Any observed value of N may therefore be confidently accepted 
as an inferior limit. If therefore the mass of the luminous particle is assumed, 
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a superior limit of the temperature of the source may be calculated with 
certainty, and oouversely, if the temperature of the source is known, on 
inferior limit for the mass of the luminous particle may be confidently 
determined. 

Sxperimental, t 

In the experiments recorded in the present investigation the values of N 
have been determined in the following manner. A convergent beam of light 
from the source was thrown by means of a lens on to the plates of a Fabry 
and Perot sliding interferometer, and the ring systems were focussed by 
means of an achromatic lens on to the slit of a large Hilger constant deviation 
spectroscope, each spectrum line thus appearing as a narrow strip of a ring 
system. In making visual observations, the interferometer plates were 
slowly separated until a point was reached at which the fringes were only 
just visible. From the separation of the plates at this point, the value of K 
could be calculated. In making photographic observations, the telescope of 
the spectroscope was replaced by a camera attachment and a series of spectra 
were photographed on the same plate in juxtaposition, with the interferometer 
plates set at successively increasing differences of path. The photographic 
method may be regarded as satisfactory in the determination of the relative 
values of N for radiations photographed on the same plate, but the author 
has found that, for radiations which can be sufficiently well seen, visual 
determinations are greatly to be preferred, especially in the determination of 
the absolute values of the limiting order of intorlerenoe. 

With regard to the constant K, it is evident, that the value must vary 
somewhat with the observer, the density of the silverirjg on the inter- 
ferometer plates, and other circumstances. An observer must, therefore, 
determine his own value for the constant. I have determined this from a 
series of observations of the spectra of helium and neon, produced in vacuum 
tubes with an uncondensed discharge from an induction coil, and the average 
value of K obtained in this way agrees so closely with the value given by 
Buisson and Fabry (loc. cit.) that I have adopted their value, 1*22 x 10®, in the 
discussion of tlie results. The arc spectra which have been investigated were 
produced between carbon poles containing small quantities of the substances 
under investigation. The arc was maintained in a glass globe of about a litre 
capacity, which was exhausted by means of a Fleuss pump, and a email 
mercury gauge attached to the apparatus showed that a pressure of less than 
1 mm, of mercury could be mamtaiiied. The current consumed varied 
between 1 and 2 amp^tres. 


2 L 2 
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Comparison of the (jy Hy and K Lines of Calcium, 

The relative behaviour of these lines has for many years been a subject of 
investigation, more especially in respect of their appearance in the sun and 
stars, 'rhe g line is a typical flame line, appearing brightly when a calcium 
salt is volatilised in the Bunsen flame, and also in arc and spark spectra. 
The H and K lines, on the other hand, are enhanced lines. Whilst scarcely 
visible in the Bunsen flame, they are well developed in the arc, and in 
powerful sparks are strongly enhanced relatively to the g line. The H and 
K lines have recently been shown by Fowler^ to be the first pair of a series 
in which the Rydberg constant K ” is replaced by the value “ 4N/’ this type 
of series being apparently characteristic of enhanced Hues, The H and 
K lines are amongst the most conspicuous of the Fraiinhofer lines and the 
g line is also strong. The former, however, occur at very high altitudes in 
the chromosphere, where the g line is not visible, and this is also found to be 
the case in the spectra of many stars, Lorenserf has shown that the g line is 
the first member of a single line Principal series with which Diffuse and 
Sharp series are also associated. 

The observations of these lines were necessarily carried out photo- 
graphically, and although a considerable number of photographs were 
taken, the absolute values of N obtained were not satisfactory, though it is 
l>elieved that the relative values are worthy of some coufidenco. This is 
due to a number of circumstances. The unsteady burning and the sudden 
evolution of denser c^ilciurn vapours in the arc are very troublesome in 
photographic observations, though of much less inconvenience in visual 
work. The photograpliic technique is difficult, and a series of spectra on 
the plate are seldom of the same inteiiHity. The following results were 
obtained from a number of plates. For the g line, fringes were observed up 
to a difference of path of 80 lum Putting M a= 40, we get 

N «,7 = \/(40/T)x 1-22X 10''=1892o9, 

whence T = 1662° Abs., a value which would appear to be too low for 
the temperature of the vacuum arc. 

The H and K lines ore identical in their behaviour. The greatest 
difierence of path at which interference has been observed for the H line 
was 55 mm. Putting M = 40 as before, we get 

V'(40/T) X 1*22 X 10« « 138573, and T = 3100° Abs. 

It might be supposed that the g line and the H and K lines are produced in 

* ‘ Phil. Trans.,’ A, vol. 214, p. 226 (1914). 
f Bisaoi^tation, Tubingen, 1913. 
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different portions of the arc, but the great difference in temperatures involved 
would appear to discredit this explanation. 

Assuming that all three radiations are produced simultaneously, the 
relative masses of the luminous particles may be calculated. Thus 



a number suspiciously near and, within the limits of experimental error, 
equivalent to 1/2. This would indicmte that the H and K lines are due to 
particles having one-half the mass of the particles conicerned in the produc- 
tion of the (] line. 

The simplest explanation would appear to be that the g lino, which is 
essentially a low energy line, is due to calcium molecules Caa of mass 80, 
the H and K lines being due to calcium atoms of mass 40, which would give 
a temperature of about 3000^^ C. as a superior limit for the temperature of 
the vacuum arc. This view receives strong confirmation from the observa- 
tions of the flame lines of strontium and barium. The “ absolute values ” of 
N for the calcium lines are undoubtedly much too low, so that the value 
3000® C. for the temperature is correspondingly too high. 

The Flaum Lines of StronMum and Barium. 

In the spectra of strontium and barium, the lines \ = 4007 and \ = 5533 
respectively are strictly analogous in their behaviour to the calcium line g. 
In tlie case of the strontium line X = 4607, Lormiser (loe, dt.) has shown 
that this line is the first member of a Principal series analogous to the series 
in calcium of which g is the first member. 

For X = 4607 (Sr) fringes were observed visually up to a difference of 
patli of 183 mm. If a strontium atom were responsible for this radiation, 
the superior limit for the temperature of the arc would be 834®, clearly an 
inadmissible value. It is evident that molecules must be concerned in the 
production of this radiation. 

For the barium flame line X = 5536, the limit could not be reached, as the 
interferometer used was not made to give differences of path greater than 
240 min., and at this difference of path the fringes were still very distinct. 
Even this incomplete result is sufficient to show that molecules are concerned 
in the production of the radiation. 

The appearance of baud spectra is usually associated with molecules, and 
the interpretation given to the results would require the recognition of the 
foot that molecules may give rise to line series as well as band spectra. 

Another point arises. If two calcium or two strontium atoms can combine 
at the temperature of the eleotrio arc, and yield spectrum lines peculiar to 
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the compound, it might be possible for a caloiiun atom to combine with a 
strontium atom under the same conditions. 

Experiments have been conducted to investigate this question. Photo- 
graphs were taken in juxtaposition of the arc spectra of calcium, strontium, 
and a mixture of calcium and strontium, the apparatus used being a concave 
grating spectrograph giving a dispersion of 10 A,U. per millimetre. 

In the spectrum of the mixture no lines were found which did not occur 
in the spectra of either calcium or strontium. The matter, however, 
requires an explanation. Are calcium and strontium atoms, which are 
ohomioally very similar, able to combine to form Caa and Sra, but yet 
unable to form the compound CaSr ? Or does the calcium atom in CaSr 
yield the same spectrum as the calcium atom in Ca^? It was hoped to 
investigate all the lines in the visible region of the calcium and strontium 
spectrum, but experimental difiiculties have at present led to unsatisfactory 
results. With respect to the flame lines and the H and K lines, the arc 
will sometimes burn steadily for a considerable time, but the other lines in 
the spectrum flash in and out in a manner which makes measuremont very 
difficult. In this respect the strontium spectrum was less troublesome 
than that of calcium. No exact results can be given for these lines, but 
it may be stated the limiting differences of path at which fringes were seen 
were generally less, and never greater, than would be expected on the 
assumption that the luminous particle was the atom, and no evidence has 
been found that particles of greater mass than the atom are concerned. 

The Two iSpecira of Argon, 

The two spectra of argon appeared to be especially well suited to the 
study of the relative widths of arc and enhanced lines. At low pressures 
the red spectrum produced by means of an uucondensed disoliarge usually 
shows lines of the blue spectrum also, but under these conditions they 
are too faint for investigation with the interferometer, and a small condenser 
with a spark-gap in the circuit was necessary to develop the blue spectrum 
sufficiently brightly. 

I am indebted to Prof, Herbert Jackson for the loon of two argon tubes 
of the ordinary Pliioker form, but it was found necessary to make use of 
the greatly increased illumination obtainable with end-on tubes. The 
• tubes were filled by admitting air, the diatomic constituents of which were 
removed, according to the well-known method of Prof. Soddy, by means of 
metallic calcium. Small pieces of calcium in a i>orcelain boat were heated 
in a quartz tube connected with th^ vacuum tubes, and air was admitted in 
small quantities until the tubes showed a pure argon spectrum. 
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As regards the red spectrum of argon, for X » 4511, fringes were still 
just visible at 190 mm. difference of path, which gives N = 421,200, and 
putting M = 40, we get T a= 335° Aba. 

For the blue spectrum, excited by rather a weak condensed discharge, 
fringes were observed for the ray X ss: 4806 up to a difference of path 
of 43 millimetres, which gives N = 89,471. Putting M = 40, we get 
T sc about 7400° Aba., an altogether inadmissible value. 

It has been pointed out in a previous communication that the lines of 
the ordinary helium spectrum become wider when a condenser and spark- 
gap are introduced, keeping the current througli the primary of the 
induction coil constant, and it was suggested that this broadening might 
l>e due to the sudden rise of temperature at each impulse. It is evident, 
however, that the differences in the widths of the lines in the red and blue 
spectra of argon are of a different order to any widening that can be 
accounted for in this manner. 

The only other explanation at present provided for by theory is that the 
luminous particles concerned in the production of the blue spectrum are 
smaller than the particles from which the red spectrum originates. But 
this would lead to so low a value for the mass of the particle responsible for 
the blue spectrum that such an explanation could hardly be suggested in the 
absence of further evidence in this direction. It may be necessary to admit 
the existence of some hypothetical cause of broadening in this case, as 
Buiason and Fabry (/oc. cit,) have done in the case of the Baliiier series of 
hydrogen. 

The Band Spectrum Associated with Helium. 

The band spectrum associated with helium has been described by 
Goldstein* and by Curtis, f who has investigated the conditions most 
favourable to its production. More recently, Fowler| has made a more 
exhaustive investigation of this spectrum, and has made accurate measure- 
ments of the bands, resulting in the remarkable discovery of relations 
hitherto only associated with line spectra. Curtis (fcc. foimd that the 
bands were best developed at moderately high pressures, and that with an 
uncondensed discharge they were faintly visible both in the capillary and in 
the bulbs, but that they could be obtained much more brightly hy intro- 
ducing a small capacity, with a short spark-gap in the circuit. Curtis points 
out that^ although the spectrum in question is probably due to helium, this 

* * Beut. Phy». Ges.,' vol 16, p. 10 (1913). 
f *Roy. Soc. Proc,,* A, vol. 69 (1913). 
t * Eoy. Soc. Proc./ A, vol. 91, p. 208 (1916). 
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oomiot be regarded as definitely proven, owing to the presence of a trace of 
hydrogen in all his tubes. 

Although little is known as to the origin of band spectra, it has usually 
been assumed that 2 atoms or more, at least indirectly, are concerned in 
their production, and the very existence of a band spectrum associated with 
helium must modify our outlook either on the origin of band spectra in 
general or on the usually accepted properties of helium. 

For a number of veicuum tubes containing helium in a high state of purity 
I am indebted to Prof. Herbert Jackson, who has also given me his valuable 
lielp in some experiments on the effect of low temperatures on the band 
spectrum. The tubes were of the ordinary Plticker form, and showed no 
evidence of any impurity excepting a trace of hydrogen, which was just 
visible at the ends of the capillary and in one tube a trace of mercury, 
which disappeared after the tube had been run for a few minutes. 

In the experiments at low temperatures, the tubes were excited by a 
moderately weak discharge from the induction coil, the intensity of the 
discharge corresponding to about one-third of an inch s])ark in air. No 
condenser or spark-gap was used, and the 8i>ectrum of the pink glow 
surrotinding the electrodes was observed. The spectra were photogiu-phed 
with the single-prism spectrograph, and visual observations were also made. 

In making the photographic observations, the glow from one of the 
electrodes was focussed on the slit of the spectroscope by means of a lens, and 
a definite exposure was given. The vacuum tube was then immersed in 
liquid air contained iu an unsilvered vacuum vessel, and a second exposure 
was made for the same time, the second spectrum l>eing photographed on the 
same plate in juxtaposition U) the first. When the vacuum tube was wholly 
immersed in liquid air, the band spectrum appeared as before in both bulbs, 
but was much brighter than at room temperature. Photographs of the 
spectra of the tube at room temperature and at the temperature of liquid air 
show clearly the difference iu the intensity of the bauds. In the capillary, 
no change was observed. 

The effect of immersing only the lower bulb of the tube in liquid air was 
very striking. The intensity of the band spectrum in the cooled bulb was 
greatly enhanced, the effect being especially noticeable in the case of the head 
at X = 6399 A.U, At the same time, the band spectrum entirely disappeared 
from the upper bulb, the upper electrode being surrounded by a green glow, 
showing the helium 8p(^ctrum with the parhelium lines greatly enhanced. 

When one bulb only is immersed, a lowering of the pressure would result, 
together with ati increase of density iu the cooled bulb. This would fall into 

♦ €f. Curtis, foe. e^., p. H8. 
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line with Curtis's observation {loc, cit,) that the band speotrum is more 
strongly developed at high pressures. It is evident that at ordinary 
temperatures the enhancement is due to the greater density at the higher 
pressure* When the discharge tube is totally immersed, there is clearly a 
lowering of the pressure without any appreciable change of density. 15and 
spectra, in general, are known to occur more reewlily at lower temperatures, 
being usually ascribed to molecules, which at higher temperatures tend to 
dissociate into their constituent atoms. The enhancement of the band 
spectrum in helium at low temperatures, coupled with the very existence of a 
baud spectrum associated with an inert gas, might justify the suspicion that 
in helium, though inert in the ordinary sense of the word, more than one atom 
may be involved in the processes resulting in the production of a band 
spectruni. 

This suspicion is not confirmed by an investigation with the interfero- 
meter. For this purpose, it was found necessary to iutr(xiuce a small 
capacity with a very small spark-gap into the circuit, since with the 
uncondenaed discliarge the spectrum is too feebly developed, and oven with 
the condensed discharge the speotrum was loo weak for visual observations. 
Photoglyphs were taken in which the fringes for the lines of the band 
spectrum produced in this way were compared on the same plate with the 
lines of the ordinary helium spectrum ]jro(luced with an uucoudensed 
discharge. It was necessary in these experiments to employ a narrow slit in 
order to separate the components of the bands sufficiently for the fringes to 
be seen without confusion, and the lines of the bands in the neighbourhood of 
\ ss 4650 could be successfully examined in this way. Only a very narrow 
strip of the ring system could, therefore, be examined, with the result that 
the limiting difference of path at which interference could be seen was 
considerably reduced, since the fringes are more difficult to distinguish in 
these very narrow strips. 

The visibility of the fringes in this band spectrum and the ordinary lines 
appeared to be identical, and there was no evidence that the fringes for the 
band spectrum persisted at greater differences of path than for the ordinary 
lines. It can be seen that if the band spectrum were due to a helium 
molecule Hos the ratio of the limiting differences of path would be about 
y^2/l. It might be imagined that the lines of the band spectrum were 
broadened by the condensed discharge, in which case it would not be possible 
to conclude that any evidence against a molecular origin hod been obtained. 
This is most unlikely. The condensed discharge employed wag not powerful 
enough to broaden appreciably the ordinary helium lines. If the band 
spectrum of helium were analogous to the secondary spectrum of hydrogen, 
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or to part of it, as might reasonably be suspected, it would be concluded by 
analogy that the band spectrum would not lie broadened by the condensed 
discharge, since Buisson and Fabry {loc, cit) have shown that the lines of 
the secondary spectrum of hydrogen are not broadened under these condi- 
tions, whilst the reverse is the case with the Balmer series* It may, 
therefore, be considered extremely probable that the band spectrum is due 
to atomic helium. 

The etfecb of low temperatures on the Balmer series and the secondary 
hydrogen spectrum’ has been investigated by Lemon who has found that 
at the temperature of liquid air the secondary spectrum is relatively 
enhanced* This result may possibly be explained as being due to the 
condeusatiou of minute traces of water vapour present on the walls of the 
tube at low temperatures, since it is well known that the presence of water 
vapour in hydrogen results in an enhancement of the lines of the Balmer 
series, A similar explanation may perhaps account for the enhancement of 
the band spectrum of helium at low temperatures, since this spectrum is 
adversely affected by the presence of impurities. The removal by con- 
densation of impurities, which speotroscopioally may not be detectable, 
might result in an enhancement of the band spectrum. It is probable that 
the trace of hydrogen which can be detected in almost every vacuum tube 
is present as water vapour ; tlie hydrogen lines could not be detected at the 
temperature of liquid air in a neon tube in whicli they were brightly visible 
at ordinary temperatures. 

The Characteristics of Series Lines, 

From the characteristics of series of lines in spectra produced at 
atmospheric pressure, Eydberg, in his classical researches, was led to adopt 
the terms Diffuse and Sharp series. At the present time these terms do 
not (ienotf^ the character of the lines in the series, but rather their numerical 
relations to one another and to tho Principal series, and Kayser and Runge 
refer to these series as the First and Second subordinate series respectively, 
owing to the fact that the lines of the Diffuse series are not always diffuse 
in character. According to tlie circumstances which are at present recog- 
nised os determining tlie widths of spectrum lines, it might be supposed 
that the diffuse character of many Diffuse series lines at atmospheric 
pressure is due to tlie effect of oollisions, which must be supposed to affect 
lines of the Diffuse series to a much greater extent than lines of the Sharp 
series. 


♦ * Asti^ophya. Journ.,* voL 35, p. 109 (1912). 
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In the case of Diffuse and Sharp series^ these oharacteristios of the lines 
disappear at low pressures, but re-appear when powerful condensed discharges 
are used to produce the radiations. It may be stated qualitatively that the 
lower the pressure the more powerful the discharge necessary to reproduce 
the characteristics of the lines. As a very striking instance of this, the 
a})ectriim of helium may be cited. At a pressure estimated at about one 
millimetre of mercury, no differences could be detected in the limiting orders 
of interference of the lines in the visible spectrum. This confirms the 
observations of Buisson and Fabry {loc, cU.\ who have concluded that particles 
of the same mass are concerned in the production of all the series. When, 
however, the tube was excited by a powerful condensed discharge, the diffuse 
character of the Diffuse series at once appeared, more especially in the 
parhelium scries, and could easily be recognised under the small dispersion 
of a single prism without tlie use of the interferometer. The ex])eriment 
would appear to show that the difference in character between Diffuse and 
Sliarp series is a general one under suitable conditions of electrical excitation, 
and would indicate that calculations of the actual mass of the luminous 
particles must be accepted with some reserve, especially in cases in which the 
law has not been experimontelly verified under identical conditions of 
excitation. An inferior limit for the mass may be determined with confidence. 
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By J. W. Nicholson, M.A«, D.Sc., Professor of Mathematics in the 
University of London. 

(Communicated by A. Fowler, P.R.S. Received May 4, 1915.) 

A very significant addition to our knowledge of the nature of baud spectra 
has been made by Prof. Fowler,* who has lately described the results of his 
examination of the band spectrum found in connection with helium and 
hydrogen, and believed to be a spectrum of helium. For Halmf has main- 
tained that the formultje which must be used to represent line and band 
spectra are intimately associated, and, in fact, spectroseopists have been 
generally inclined to suspect that the laws of line spectra liave some counter- 
part in baud spectra also. Fowler has taken the first step in the elucidation 
of this connection by showing that the universal constant of Rydberg belongs 
to this individual band spectrum, which contains two series of double “ heads 
arranged essentially in the same manner as the lines in a series spectrum. 

One featuie, however, of these double heads ” or doublets appears at first 
sight to differentiate them from the doublets found in line spectra, and one 
purpose of this paj^er is to show that the difference in character is only 
apparent, and that the formal analogy with line spectra extends very far. In 
ordinary Diffuse or Sharp series of doublets, the intervals tetween the 
components, when expressed in wave numbers, are constant, whereas in a 
Principal series the intervals rapidly become smaller, and vanish at the 
limit of the series. The intervals decrease, moreover, in a very regular 
manner. In the band-doublets discussed by Fowler, although the intervals 
decrease as the series proceed towards their Limits, the decrease is not very 
regular, as shown by the differences, and the intervals do not obviously vanish 
at the limits. Without a very precise arrangement in series, it is not possible 
to judge of their limiting behaviour. 

Fowler has shown that the less refrangible components can be arranged in 
series of a very ordinary simple form, that of Rydl>erg being almost sufficient. 
But the more refrangible components cannot be arranged in a satisfactory 
manner, even in a Hicks series. They are> in fact, an example of a phenomenon 
not unknown in line spectra, whore lines which obviously belong to a series 
cannot be fitted in a satisfactory way into the usual formulae, because those 
forraulai do not, in these individual oases, convei*ge with suffioient rapidity. 

* ‘ Roy. Soc. Proc./ A, vol. 91, p. 208 (1915). 
t ‘ Roy, Soc. Edin. Trans,,’ vol. 41 (1906). 
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It will become apparent in the paper that this approximate superposition of 
two series with the same limit, but with very different modes of convergence 
among their coefficients, is the cause of the unusual character of the doublet 
separations, Fowler lias already suggested that these two phenomena are 
related, but has not carried the calculations to the extreme point which can 
decide whether the separations are of a new type or not. 

Two series of doublets have been noticed. In the first series, three have 
been measured with some accuracy, and six others iu a more approximate 
manner. In the second series, there are four members, all well measured, 
and this series may be most conveniently discusBed first. Its wave numbers, 
expressed in International units in vacua ^ are 

r 19475*2 f 24978*3 r27507*0 1288731 

119570*9 125060*9 L27579*2 1 28935*9 

and the separations are respectively 95*7, 82*6, 72*2, 62*8. Fowler has 
represented the less refrangible components by the formula 

i; 31956*22--109679‘22/(m + 0*964402)^ (1) 

which only gives errors 0*0, 0*7, I’l, 0*0, and theie is no doubt that these ^ 
components follow tlie usual laws of series. 

The simple Rydberg formula calculated for the other components is 

V « 32014*42-N/(m4-0*968866)», (2) 

with errors 0*0, 9*4, 7*1, 0*0, and is not satisfactory. Fowler has, therefore, 
added one more constant, and, calculating from the first, second, and fourth 
lines, obtains 

1/ = 32005*66-7i/(m + 0*982328-0*024835/7?t)^ (3) 

with erroi*8 0*0, 0*0, 2*9, 0*0, This is more satisfactory, but not completely so. 

The limiting doublet separations become, in the two cases, 58*2, 49*4, and 
we are led to the question of a possible further reduction of these separations 
by formulae of increasing accuracy. 

In order to test this point, we may notice that in a formula 

where Dw proceeds in inverse powers by a series whioii is not very convergent, 
a more accurate limit will be obtained by calculations which do not include 
the first line, in winch the divergenoe is most serious, provided, of course, * 
that all the lines are measured with an equal degree of accuracy. This is 
the case for the four lines of the present series. Calculating, therefore, from 
the second, third,' and fourth lines and using the better form of the series 

« 


^ w-f 


( 4 ) 
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obtained in a preceding paper on the line spectrum of helium,* we can obtain 
the limit more accurately. Since /Lt is nearly unity, 

ss ^ ^ (6) 

will serve almost equally well. Adopting this form, the calculated limit becomes 

A = 31992*9. (6) 

This already further reduces the limiting separations by 12*6, and it now 
becomes 36*7, representing the best value which can be obtained by a formula 
involving only three lines. 

The next step in the demonstration makes use of all the four lines for the 
calculation of a formula with an extra constant, and of the more appropriatwj " 
form. Tlie final result of this calculation is 


whore 


V = 31982*8-109679*2/D„,», 


D„ = 1*069416- 


0*66971 


0*80624 


m-h 1*06941 6 (m-f 1*069416)» 


( 7 ) 


The limit falls 10 more units, the divergence of the doublets at the limit 
being now only about 27 units. This is not the most accurate formula which 
can be obtained from the four lines, and it is not yet very convergent for the 
earlier lines. It is evident that the next term in D,n will be important in 
the lines m = 2, 3, and, therefore, that the limit is still incorrect. Since every 
improvement in the formula has led to a marked depression in the limit, 
which now only dififers by about 27 from the value for the coini)ariion series, 
there is every reason to believe that the limits ore actually identical, and that 
the correspondence with line series extends further than the occurreuce of 
the series relation. 

The must accurate formula which can bo obtained from the four lines is 
calculated as shown below, and involves a further decrease in the limit. 
Details of the calculation are given, as it takes the form which appears to be 
most convenient for general application. Writing the limit of the series as 

A = 31955*9 -f3A, 

where 8A is small, and 

(?u = 2, 3, (8) 

31955*9 being a more exact limit for the other components with a simpler law, 
and N being the llydberg constant, we find for the four lines, on calculation, 
pa == 2*975883 ---0*00012014 SA'] 

P8 = 3*988380--0*00028922 SA 1 
= 5*006990-^0*00067189 8A j ^ 

P5 = 6*026428-0*00099775 8A J 
* ‘Hoy. Soc. Proc.,' A, vol. 91, p. 266 (1916). 
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If the four values are fitted into a formula, 

2 -h; 

w-f/A (m+pf 

known already to be most appropriate to the helium line series, we easily 
obtain 

(5+/A)3p6 — 3(4-f yLt)®p4 + 3(3-f'/i)V«“"(‘^ + /*)V3 = 24/A"hS4, (11) 

which is a cubic for p. Neglecting the portions of the p’s dependent on SA, 
it becomes 

-0*0O2285/aH0-011742p«-5*6322V6/a + 7*405136 = 0 , (12) 

whence p ==: 1*341395. The correction to this value, dependent on 3A, is, if 
Sp is the corresponding correction for any number p, determined by 

3 S/A {(6 -f p)V6 — 3 (4 + pfp4. + (34* /a)Va“- ( 2 + p)®p2 — 8 } 

=: _ { (5 + p)«3p,^ 3 (4 + pftp, + 3(34 (2 4 p>'Sp3}, 

and ultimately 

p = I’341395-0*6ll52 3A. (13) 

With the extreme value of SA which is possible, we can show 7 to be so small 
that for m = 6 , the term in 7 does not contribute a significant amount to p,^, 
and the contribution to ps is small in comparison witli that to p^. A similar 
calculation to the above, performed with vi = 3, 4, 5, 6 , would therefore give 
a result very close to that for m = 3, 4, 5, only, and the value for (3, 4, 5) 
combined with that for (2, 3, 4, 5) expressed in (13) will lead to a limit more 
accurate than even that in ( 7 ), although still not exact enough. 

The calculation with m = 3, 4, 5, proceeds by writing 

s= w+/aH ; V7 — ; — 

m+p (m + p)*^ 

whence (5+p)^PB— 2(4 + p)®p 4+(3 + p)^p 3 = 6 p + 24, 

and the ultimate solution by the preceding method is 

p r=: l'245914^0*006o60 SA. (14) 

Combining the values (13) and (14) for the higher approximation available, 
SA = 19*2, p = M 20211 . (15) 

The limit has again decreased by 8 units, and this decrease therefore 
continues to be systematic as fomul® of increasing accuracy, and of the 
type necessary in line spectra, are employed. The doublet separation is now 
only 18*9 at tiie limit as against the value 49*4 which accords with the best 
Hicks formula given by Fowler. It is evident, moreover, from a glance at 
the series below, and a comparison with (7), that it is not yet in any way 
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absolute, and that if even another line were available for ealculation, the 
limit would again fall. This final series is 


where 

pm 


w-f 1*120211* 


== 319761*109679*2/^m^ 
10211 . 2*2384 


1*4974 


m-f 1*120211 (m 4* l*12021iy* (m+ 1*120211)» * 

(16) 


That SA is certainly much less even than 19*2 can be proved at once. Tor a 
calculation from the first three lines gives, by this method, 


« 1*160446*0*003384 6A. (17) 


This cannot be so accurate as (14), which again is not so accurate as (13). 

Let us suppose that (13), which has the least error, and uses all four lines 
simultaneously, is correct. Then the errors in (17) and (14) are mainly 
derived from neglect of the term in 7, and are roughly in the ratio 
(4-hl)^/(3 + l|^ = 2. If, therefore, e is the error in (14), we may write with 
a close approximation 


^ l ;341395*0*0n52SA 
= l*245914-0006560«A + e 
= l*160446*0*0033846A-h2e 


(18) 


and, solving these three equations, 

BA = 5*6. 


This is the most probable* value of BA which can be derived from the four 
doublets, and it is very conclusive. We can now hardly doubt that the limit 
is identical with that of the simpler aeries. On this supposition, the doublet 
series is analogous to a Principal aeries in line spectra. Without measure- 
luents of further members of the more refrangible components, however, no 
formul(i can be given for these members of a ranch more satisfactory 
character than (7), and the question of the relation of the constants ft, a, 
to those of known helium series cannot be investigated. The rapid change of 
these constants with the addition of an extra term to the formula precludes 
any precise specification of their values at present. 


The First Series of Doublets* 

The other series of doublets isolated by Fowler has for its leading members 
the wave numbers given in tlie Table, where Bn denotes the doublet separa- 
tions, and firti, 87^3, their first and second differences. 
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it. 

m. 


5»i. 


n. 


Sn. 

1 5//,. 


21506 -3 
21013 7 

2 

107 *4 

21 *9 

11 *6 

1 32562*9 

1 82591 *6 

7 

38 7 

8*6 

(>’6 

27192 *1 
27277 ‘6 

3 

85 *6 

10 *4 

-8*2 

; 32920 *0 
: 82956 *9 

j 

8 

36 *0 

1 *8 

6*8 

! 29785 '2 : 
29800 *3 

4 

' 76*1 

18*6 ! 

0*4 

1 33185*6 
j 33210 *9 

9 

25 *3 

11 *6 

«9*8 

! 3U78-6 1 

1 31236 *1 1 

6 

i 56*5 

i 

i 9*2 i 

i i 


' 33379 *0 
33401*0 ; 

10 

22 0 

3*3 

8*3 

32014*4 
820(U ‘7 

1 « 

j 1 

47*3 

• 1 
' i 


; 

1 j 






The clitTereiices ap])ear to Ikj quite irregular, althougli there is a reiuarkabi© 
oscillation in the second dilferences. A study of the values of 8/r indicates a 
delinite convergence towards zero, hut in an irregular luanuer. Tliiiit 
irregularity is exactly of tlie type wliich would be expected if the more 
reftangilde (^oiupononts followed a scries law of the form 


where 


It r= A — ^^|p,u^y 
pm = ni -|“ /A -f — : h 


« . ^ 


, ■ •4* p . . , 


the coefficients «, yS, 7,.-» converging rapidly to zero, and being 
alternately positive and negative, whereas in tlie corresponding series for tlie 
leas refrangible components, the convergence of a, /3, 7, to zero is rapid. Tim 
preliminary series given by Fowler accord with this result. For the les» 
refrangible components, he finds a simple Eydberg formula, 

1 / = 34295-86- 109679*22/(m-f0-928427)^ (20> 

to Ihj nearly satisfactory, and a corresponding Hicks formula does not show 
much improvement. It must be borne in mind, of course, that only the first 
three doublets are measured with great accuracy, although the next three or 
four must be fairly accurate. The later values are admittedly approximate. 

A formula of the proper generalised liydberg type has been (jalculated from- 
the first f^ur lines of this simple series, and the result is 


V =: 34296-l-B/p,n^ 


( 21 > 


pm “ 


m + O'907876 + 


0-34020 
w+ 0-907876 


1-54661 212558 

(m + 0-907876/ (?« + 0-907876)* * 


The limit is almost exactly that obtained by Fowler from the simpler series, 
rOL. XCI.— A. 2 Jf 
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•which he concluded inusfc be nearly correct. Eufc the discrepancies between 
observed and calculated values given by the simpler formula cannot be 
removed without using a formula with comparatively large values of a, 
ttud 7. The difference between the two types of series into which the more 
.and the less refrangible coTn])oneiit8 fall is, therefore, not so pronounced as 
appears at first sight. 

The problem of detennining the limit of the more refrangible associated 
series remains. 

The application of the simple Rydberg and the Hicks formulae by Fowler 
gives for this soles the limits 34330*18, 34324*72, the more accurate formula 
giving a limit nearer to that of the less refrangible series of components* 
Fowler has also used a Hicks formula with an extra constant, giving a limit 
34310 07, wliicli is again noticeably nearer. But even this formula is by no 
means satisfactory as a representation of the lines, and the steady decrease which 
has already taken place in the limit with each improvement in the representa- 
tion, combined with the results of our examination of the other set of doublets, 
leaves little doubt that this series of doublets is also of a Principal type, if 
the calculation is pushed further. For even the apparent limiting separation 
of the doublets is by no means so large as it was in tlje first series with which 
this paper deals. The complete iiivestigation follows bo closely along the lines 
already described for the other doublet series that there is no need to give it 
in detail here. One or two of its main features may be mentioned. 

If the limit of the series is taken as 34296*1 -fSA, the values of pm in 

V » A---Rfpm^ 

iire 

pa = 2*940786 -0*00011 595 SA 
P8== 3*953183-0*000281688A 
P4 = 4-972534-0000560698A 
p,ri = 5*985934 - 0*00097825 SA 
p« = 7*006214-0’001568865A 
P7 = 8*021678-0*00235516SA 
P8= 9*049840 -0003382618A 
pa= 10053262-0*00463841 8A 

The last figures are not very reliable beyond p 4 , and even the* last three 
figures may be incorrect in later entries. 

Fowler's Hicks formula was derived from the first, second and seventh 
lines. The seventh may not he very accurate, and the first should not be 
used in the problem of merely determining the limit accurately, w*hich is our 
present purpose. 
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Applying the Hicks formula to the second, third and fourth lines, as the 
most suitable and accurate trio, in the form 


m + {m = 2, 3, 4), 

we find BA = 5’54. 

But on the theory of the preceding paper, a better value must be given by 


pm = m-f yLt + 


W + 


771 + /* + 


W-M 


nearly, for /a is evidently close to unity. This leads to SA:=2‘i6 or very 
nearly zero. On the supposition, therefore, that the second, third and fourth 
lines are measured accurately, the limit of the series is almost certainly 
that of the loss refrangible components. Further examination on these lines 
need not be given, but we may perhaps notice that with SA — O we can deduce 
a formula with thi^ee constants 


7/ = 342961 --109679-22/p,„^ 


ss ?7i-f 116802 


1-30932 1*99441 

110802 116802)^ ' 


from the first three lines, which is as satisfactory as tliat calculated by Fowler 
according to the Hicks model and with a later line. With the same number 
of constants, more satisfactory formulae have been obtained throughout when 
the generalised Rydberg form has been used. 


Smmnary, 

1. The paper gives further support to Fowler’s conclusion that the heads 
of the bands in the band spectrum of Goldstein and Curtis follow ordinary 
line-series laws, by showing that the doublet separations tend to zero at the 
limits of the series. 

2. Both the doublet series isolated by Fowler are strictly analogous to 
Principal series in line spectra. 

3. The generalised Rydberg formula gives the most suitable representation 
of these series as well as of line series. 


2 M 2 
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On the Sha(f)e$ of the Equipote^itial Surfaces in the Air near Long 
Walls or Buildings mid on. their Effect on the Measurement of 
Atmospheric Potential Gradients^ 

Bj Chaiu.ks H. Lkks, D.Sc., F.R.S. 

(Received May 10, 1915.) 

§ 1. In considering the most suitable arrangements for recording the 
variations of the atmospheric potential gradient at the East London College, 
wliere no largt! horizontal surface is available, I have had occasion to calculate 
the distribution of potential in the neighbourhoo^i of walla and buildings of 
sinn»Ie ahapes. As the results can be applied in practice it seems advisable 
to put them on record for the use of other observers. 

ObseTwation shows that during fine weather the potential at a point in 
the atmosphere over a level portion of the earth’s surface in these latitudes 
increuBes as the point is raised, at the rate of about loO volts per metre. 
This rate of increas(j diminishes slowly as the point ascends, owing to the 
slight excess of positive over negative ions in the air near the earth’s surface, 
and at an altitude of a kilometre is reduced to about 25 per cent, of its value 
at the surface.^ 

The potential differences between points on the earth^s surface 1000 metres 
apart or between a point on the surface of a building and one on the ground 
near it are found to be small compared to those present in the atrnospliere. 

For the present purpose we shall neglect the small effect of the ions near 
the earth’s surface on the potential gradient for the first few metres above 
the surface and shall treat the earth’s surface as plane and the earth and 
buildings as being conductors.! In order further to simplify the problem as 
much as possible, the walls of the buildings are taken to be long in comparison 
to their heights, so that the effects of the corners on the distribution of 

Tlui article “ Atmospheric Electricity,” by Chree, in tho ‘ Encyclopsedui Britannica/ 
nth edition, or that by (lerdien in the ‘ Handbuch der Phyeik,^ vol. 4, p. 687, or Macho 
and von Sohweidlei’s ‘ Atuiospherieche ElektrizitiCt,’ chap. I, may be consulted for 
acfounta of the methods used and the results obtained. For recent results obtained at 
Kew, Ohrcc (‘Phil, Trails,,^ A, vol. 206, p. 299 (1906), and A, vol. 215, p. 133 (1915)) and 
Dol)R(m (‘ Proc. Phy«. 8^)c. Lon.,* vol. 26, p. 334 (1914)) may be consulted. 

+ Benndorf (‘Wiener Ber.,’ vol 109, p. 923 (1900), vol 115, p. 425 (3906)) has 
determined with the same simplifications the changes in the vertiail potential gradient^ 
near a long plateau with rounded edges, a circular plateau, and an ellipsoidal column.. 
Sir J. Larmor and J. S. B. Larmor (* Roy. Soc. Proc.,’ A, vol 90, p. 312 (1914)) givo 
diagrams of potential sux*face«, etc., for an ellipsoidal column and an earth-connected 
ephei'e. 
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poteutial near the middle of their length may be neglected. The walls are 
further taken to bo vertical, and in tlxe case of more than one to be parallel 
to each other. Eoofs are taken to be horizontal 

§ 2. Ccm /. — A long thin vertical wall projects from a horizontal surface 
above which, at a considerable distance from the wall, the potential gradient 
is constant. To find the distribution of potential near the wall. 

Take the z plane, where z = vertical and perpendicular to the wall, 

the X axis along the horizontal plane, and tlxe y axis up the wall If A is 
the height of the wall, the Schwarzian transformation dzl(hv~]iu'{u^-~et^Y^I a, 
where %v=r.U’\-iv^ converts the x and y axes into the axis of u in the w plane 
atid the first quadrant in the former into the first two quadrants in the latter 
plane. Integrating, we have • 

or (1) 

If P is a point in the air whose bi-polar co-ordinates are v 0, from the 
top of the wall and from the image of the top in the plane respectively, the 
last equation gives us at P 

%(, = ^ (rr') . cos + V = {rr) . sin | (^-f (2) 

Thus the potential v at any point whose bi-jxolar co-ordinates are given is 
easily calculated. 

To calculate the potential at a point whoso co-ordinates are x, ?/, or to draw 
the surfaces of equal potential, it is more convenient to use equation (1), 
which gives on equating separately the real and unreal parts 

uvjot!^ = xyjh^, 

and on eliminating u, 


Thus the potential at the point y, is given by 

= (aV2A2) (3) 

and the factor by which the observed potential at the point x, y, should be 
multiplied to give the potential at the height y above an infinite plane is 


y 

(«/v/2 /O ^/ { + 4xy ] -- 
The equipotential lines are readily drawn from the equation 

l + aV/AV ' 


( 4 ) 


They are shown in fig. 1* for the case A = 1, « = 1. 


♦ I have to thank Lieut B. Barnee, 10th East Surreys, one of my senior students, for 
drawing these curves. 
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Fig 1. — Section of the equipoteatial surface* near the middle of a long thin wall. 


§ 3. If 0 ! is constant we have, since tv = («/A)v/(2J*4-/i*), 

+i(^\ - “ -y+io 
\oy/i \0y/* % \/ (x*— + A*+ ’ 

If, further, y = 0, then 

when X is infinitely large. 

The last two equations show that the ratio of the vertical potential gradient 
at a point on the ground to the normal vertical gradient is equal to the cosine 
of the angle subtended at the point by the height of the wall 

The following Table* shows the vertical gradient at points on the ground 
whose distances from the foot of the wall are given in terms of the height of 
the wall 


* Thift Table and the coT i esponding ones on pp. 445 and 449 are added at the suggestion 
of Dr. C?hr©e so as to be available for discussion of the ejecta of vei-tical potential 
gradients on plants and animals. 
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Table of Batios of Vertical Gradient to the Normal Vertical Gradient at* 
joints on the Grojiud near the Middle of a Long Thin Vertical Wall. 


Oitjtanoe from foot 
Height 

i 

Vertical gradient j 
Normal * | 

DiHtance from foot 
Height 

Vertical gradient 
Normal 

0*0 

0*0 i 

1*6 

1 

0 '882 j 

0-2 

0 *106 

1 ' 2 *0 ' 

0 *894 ' 

0’4 

0 *371 

8 *0 

0 *949 i 

0‘6 

0 *616 J 

4*0 

0*970 

0*8 

i 0 *626 i ' 

5*0 1 

0*981 

1 -0 

0*707 

1 • I 

10 *0 

1 

0*995 


§ 4. If ?/ is constant we have in the same way 

X ^ »^-4 iy 

\0x jy ^ Kh'Jy h v' 4 + 2 iry ) * 

At ic = 0 this gives, if y is less than A, 

_ 0 f L. 

Sr/y ’ Wvy AY/(A^"-y^)* 


(6> 


The horizontal potential gradient at y’ on the wall is therefore identical 
with the normal vertical gradient if 

that is if y “ h/^/2 = 0*707 A. 

As wo proceed outwards from the wall the horizontal potential gradient 
decreases, hut at the height 0*707A wo may move outwards a distance 0*1 A 
without the potential being 1 per cent. less than that which would laive 
Ixjen found at tlie point if the horizontal gz*adient had reznained constant and 
equal to the normal vertical gradient. At a distance 0*2r)A from the wall 
the potential is 5 per cent, less than the norzzial gradient would give. 

At larger distances from the wall the change of potential should be 
calculated directly from either of the expressions (2) and (3) for it in terms of 
the co-ordinates of the point. 

§ 5. Case II . — A long vertical retaining wall sepamtes from eaclz other two 
horizontal plane surfaces over which the potential gradient at a considerable 
distance from the wall is the same and independent of height abeve the planes. 
To determine the distribution of potential near the wall. 

Taking the z plane, where ; 5 : = .r-f ivy, vertical and jierpeudicalar to the 
I'etaiiiing wall, the cc axis along the lower phuie, and the y axis up the 
surface of the wall, we have the Schwarzian transformation 

dzfdw = (t^ 4 «)/(«^? -“«))/«# 
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which converts the lower boundary of the atmosphere in the z plane into the 
axis of u in tlie plane, where */; == + <* 

Writing wja = cosh the equation becomes z = a | (cosh the 

integral of wdiich is 

^ = a(sinh?-h?). (7) 


Expanding and separating real and unreal parts, we have 

?/./ a =: cosh f cos 7?, vju = sinh f sin rj 

and .cja = sinh f cos yja = cosh ^ sin * 

If r = 0 we must have either f = 0 or »? = 0 or tt. 

In the first case x = 0, in the second ;y = 0, in the last yj(X = tt. The 
height h of the wall is therefore equal to that is ^ and the 

oquatious connecting to and z may be viTitten 


IV jet = coshf, Trzjh = sinh^-f (9) 

'To find the potential r? at a given point x, y, it is necessary to solve for 
T/, the second set of transcendental equations (8) or (9), and substitute the 
a^alues of ^ and ?? in the equation for i\ 

To draw the equipotential surfaces we use the equations : — 


TT (a;/ A) = (r/«) cot t) -f argsinh {vj % sin ri) 

vr {yjh) = y/ y] 4* v 


( 10 ) 


sand assign to r) all values from 0 to w and to v vahies extjeeding 0. 

The curves obtained are shown in fig. 2 for the case in which the height of 
the equipotential surface of potential unity is equal to that of the wall, that 
in a = l/iT, and A = 1. 



Fio. 2.“-Section of the equipotential surfaces near the middle of a long retaining wait. 
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On differentiating equations ( 9 ) we have 

( 1 / at) dll = ftiuh f cos ^ t/f — cosh f sin n dn ^ 
(1/at) = cosh f sin ^ -f* siiih | cos rj di) [ 

{v‘lh)dx = cosh f cos -7 — sinh f sin -r; di] -f f ’ 

(7r/A)f/y = sinh f sin ur/f+eosh f cos 7 ^^7 + J 

§ 6. If ;/■ is constant we have 

cosh ^ cos 7 rff—sinh f sinu + = 0. 

/i / \ / /cosh f sinh f sin^7 . . 1 ^ \ ; 

(1 /a) dv = 5 ^ -h 8inh f cos 7 f/7, 

\ cosh f cos 7 4-1 ' 7 

{Trlh)dy = / ^ 4 cosh f C0S74l)^% 

\coshfcos74l / 


( 11 ) 


Thus 


and 


Hence tlic vertical potential gradient at the point corresponding to f, 7. is 
given by 

txTT sinh ^ 


h cosh f 4 cos 7 
sinh ^ 


( 12 ) 


h cosh f 4 1 
air sinh ^ 


In each case 




k coshf— 1 


if 7 =£ 0, 
if 7 = tt. 


The vertical potential gradient is therefore airfh over both planes at 
considerable distances from the retaining wall At smaller distances it is less 
than the normal over the lower luid greater than it over the upper plane. 


Table of , near the Middle of a I^ng Ketaining 

hiunual Vertical Gradient 


Wall or Fiat-roofed Building. 


j Lower surface. 

Upper aurfaeo. 

DUtanoe from Toot 

Gradient 

Difttanoe from top 

Gradient 

Heigla 

Normal * 

Height 

Normal * 

O'O 

0*0 

0 *0 

CO 

o-ia" 

O-llK) 

0 056 

2*16 

0 - 2 G 8 

0-198 

0-200 

1*68 

0 'M 

0*292 

0*618 

1*81 

0 

0*880 

2*28 

1*11 

0 rm 

0*462 

22*0 1 

1 *01 

l *154 1 

i 0 *686 

I 


1 ' 7 » 

1 0*761 



4 la 

1 0*909 


i 

2 fi ‘2 

j 0 *987 


j 
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The preceding Table gives in terms of the normal gradient the vertical 
gradient at points whose distances from the foot and top of the retaining wall 
on each of the horizontal surfaces are expressed in terms of the height of the 
wall. 

§ 7 . If ^ is constant we have 

sinh f sin r) -f (oosh f cos 17 + 1) r= 0. 

Thus (l/«),fo = (c08h f «in 

\ cosh f COS / 

and (tt/ A) dx = ( cosh f cos ?? -f 1 4* — d f . 

\ cosh f cos 41/ 

Hence the horizontal potential gradient at the point corresponding to 97* is 
given by 

/%\ — sin rf 

\hxly h cosh f 4 cos 17 

=s= ; if f = 0, that is wlien x = 0. ( 13 ) 

h l4cos^7 » ^ ^ ^ 

It will be noticed that the ratio of the vertical to the horizontal gradient 
at the point corresponding to f, 17, is sinhf/ sin*;. 

The horizontal potential gradient close to the wall will be identical with 
the vertical gradient over the planes at great distances from the wall if 

siiiiy = COB 97 + 1, 

that is it »7 = 7 r/ 2 . 

The i>oint tf on the wall corresponding to ^ = 0 , t; == 7r/2, is given by 
=r /i, (sin?; 4 ?;)/ IT = /i(l 47r/2)/7r. 

Hence the point on the wall at which the horizontal gradient outwaixis is 
equal to the normal vertical gradient is at a height equal to {l-t*7r/2) /ir of 
the total height of the wall, that is to 0*818 of the total height. 

Ah we proceed outwards from the wall at this height tlie horizontal potential 
gradient decreases, but at a distance from the wall nut exceeding 01 of the 
height of the wall the potential is less than 2 |)er cent. smaUer tlian it 
would be i£ the horizontal gradient had been equal to the normal vertical 
gradient for the whole distance. 

§ 8. Ome III , — Two long thin vertical walls parallel to each other rise to the 
same heiglit above a horizontal plane. To find the distribution of potential in 
the space between the walls. 
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To simplify the calculation we shall take the walls as being two consecutive 
walls of a regular series extending on both sides to infinity. Taking the z 
plane, where «=? fr+iy, vertical and perpendicular to the series of planes, 
the X axis along the horizontal plane, and the y axis vertical through the 
point on the x axis half way between the planes, the transformation 
sin?z? =: a 8in(;^/a),^ where a and a are constants, a being less than unity, 
converts the lower boundary of the atmospliere into the axis of it in the 
%v plane, where w ^ iv. 

Expanding the circular functions we have 


and 


sin u cosh v = a sin (x/a) cosh (y/tt.) 
COB n sinh « cos(x/a) sinh (y/a) 


}■ 


(14) 


If V = 0, cos (.x/a) sinh (y/et) = 0, and sin^t = « { sin (ic/ a) cosh (y/a)}. 
Thus either y = 0 or (x/a) =: ±(2w4-l)w/2, where n is an integer. 

If y = 0, sin« = u &m(xfa), and n and x increase from zero together till 
X = air/ 2 and n = arcsin a. 

If 5t;/a = 7r/2, sin w = a cosh (y/a), and y increases from zero to 
aargcosh l/«, while ii increases from arcsin a to 7r/2. 

The distance S of the walls apart is therefore = utt, and their height h is 
aargcosh(l/«). Hence a = 5/w, « = l/cosh (ttA/S), and the equation con- 
necting w and z may be written 


sin w = sin(yrz/S)/co&h(vh/S). 


(15) 


The equation to the equipotential lines is therefore 

ain»(TO/a)coBh^(7ry/a) (vie /B^sinh^iwi/fB) _ (irh/B), (16) 
cosh^ V sinh^ v 


a quadratic in sinh^ v and cosh^ v from which v at any point x, y, may be 
calculated and the reducing factor to convert readings taken at x, y, into 
readings in the open may be found. 

In drawing the equipotential curves it is liest to use the eqiiation in the 
form 


cosh^ 

o 


cosh V 



sinh^(7rA/8) \ 
1 -f cos^ (TO/^)/sinli^ 


♦ The eomewhat fcore general tnmsformation Bin ™ a tain {s/a) may l>e treated in 
tjbe same way throughout. 
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The equipoteiitial curves are sfiown in fig. 3 for the case S — irh. 



Fiu. 3. — Section of the equipotential surfaces near the middle of one of a series of thin 
parallel walls. The thick dotted vertical line is midwaj’ between two planes. 


§9. If a! is constant we have, from equation (16) 

(^\ — ilL co8[w(a;4-ty)/3] 

\9y/* W/*”" 8 {cosh* (wA/ii)— 8in“*t'rr(iH-ty)/S]} * 

At a: = 0 this reduces to 


— 0 and cosh (vy/B) 

v9y/* ’ V3y/* 8 </ [cosh* (irA/8)+8inh*(iry/8)] ' 


For large values of y this gives the normal vertical potential gradient = tt/S. 
At y = 0 it gives 

/9v\ ^ < 20 s(irxlS) 

VSy/* ~ 8 v/ [o08h*('rA/8)— 8in*(irfl!/8)] ’ 


that is 


/^\ _ TT 1 

\9y/* 5 \/ [sinh* (irA/S)/co8* (irr/ 8) + 1] ‘ 


(17) 


At the point on the ground half-way between the planes 

/&i!\ ^ ir 1 _ 

\9y/i *” ^ cosh {vhfB) ’ 


(18) 


Thus the ratio of the vertical gradient on the ground half-way between the 
planes to the normal vertical gradient is l/(mh(trhfS). 

The following Table gives the vAlues of this ratio for different values of the 
ratio of height of planes to distance apart. 
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Table of . on the Ground Midway between Two 

Normal Vertical Gradient 

Vertical Planes for Different Patios of Height of Planes to Distance 
apart. 


Heigh 1 

Vertical 

HeiRlit 

Yertieal 

Height 

Vertical 

Distance apart 

gradient. 

( l)i«tance apart 

gradient. 

1 

Distance apart’ 

gradient. 

0 *0 

1*0 

0 ’882 

1 0 ‘662 

1 -273 

0*0860 

0 -(MH 1 

0 -980 

:l 0*572 

i 0 322 

1 *592 

0*0135 

0 -127 

0*925 

1 O ‘703 

i 0‘I80 

1 ‘910 

0*0050 

0 *191 ! 

0*844 

0 *964 

i 

1 0 099 

i 




The vertical gradient at other points on the ground between the planes is 
given by the equation (17) above, and is tabulated below for several values of 
the ratio of lieight of the planes to distance apart. 


mil r; Verticul Potential Gradient 

Table of __ - ^ 

iSonnal Potential Gradient 


oil the Ground between Two Vortical 


Planes. 


Distance of point 

Distance of planes apart’ 


Height of planes 
Distance apart 


From plane. 

From middle. 

0-064. 

0 -191. 

0 -382. 

0 *703. 

0*0' 

0-6 

0*0 

0-0 

0 0 

0*0 

0*1 

0 *4 

0*844 

0-445 

0*201 

0 *066 

0*2 

0*8 

0*946 

0*679 

0*366 

0*107 

0-8 

0-2 

0 *970 

0*783 

0*473 

0*146 

0*4 S 

0*1 

0 *978 

0*881 

0*633 

0*172 

0*5 

0*0 

1 0 *980 1 

1 1 

0*644 

0 *652 

0-180 


These figures are sufficient to show how great is the effect of the walls on 
the vertical gradient on the ground between them. They may be taken as 
representing with a fair degree of accuracy the vertical gradient on the 
ground in a street with buildings on each side of it. 

1 10. If y is constant we have 

4- Ks OQarir(ir>f fy)/8] 

\Sr/y 6 v^(cosh^(Wi/S)— sin^ [w * 

At » s/2 this becomes ^ 

(hi\ w — isinh(7ry/8) 

\cS;/y ** 5 (cosh*(trA/S)--oosh®^^ 
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If y is less than this gives 


!du 


_ A ..A smixyrryic) 

\^ly^ ' Khxjy^ h ^ {cosh^ (ir^/^-C 08 h»^^ ' ^ ^ 

If the horizontal potential gradient at y'un the wall is to be equal to the 
normal vertical gradient tt/S, we must have 

8inh^(7i7/75) = C08h^(7rA/^)— cosh^(7ryYS)» 
that is sinh (irh/B), 


sinh (vry/B) 


When the height k becomes small compared to the distance apart B of the 
planes, this gives the distance y' up the plane as 0*71 times the height, as was 
found by direct calculation. 

The following Table gives the relation between the ratio of the height of 
the planes to their distance apart and the fraction of the height at which the 
horizontal potential gradient outwards is equal to the normal vertical 
potential gradient over a plane surface. 


Height 

rVaction of 

Height 

Fraction of 

Disfcauo© apart' 

height. 

llistaatice apart 

height. 

0-0 

0 707 

0-445 

0*790 

0*064 

0*708 

0*609 

0-807 

0 127 

0*717 

0*672 

1 0-822 i 

0 *191 

0*727 

0*636 

0-886 1 

0 *264 

0*741 

— 

— 

0*»18 

0*767 

0*795 

0-864 

0*382 

0*778 

0*964 

1 

0-866 


As the planes approach each other the potential surfaces near their 
summits become more nearly horizontal, so that the potential gradient is more 
nearly vortical than horizontal. 

§ 11. It follows from the previous work that where plane horizontal surfaces 
of considemble extent are not available for the determination of the normal 
vertical potential gradient in the atmosphere, observations in the neighbour- 
hood of buildings can be utilised, the value of the reducing factor being 
calculated from the forms of the buildings in the simple cases dealt with. 
In many caaes observations of the horizontal potential gradient outwards 
from the walls of buildings which are not too close together may be made, 
and, if the position of the point of observation is properly chosen, the 
horizontal gradient observed will be identical with the normal va^tical 
gradient over a horizontal surface. For a long wall of a building with a flat 
roof or with a parapet, the horizontal gradient outwards should be measured 
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at a point near the middle of the length of the wall and at a distance up it 
which is generally about three-quarters of the height. The horizontal 
gradient for a distance outwards not exceeding 1/10 the height of the wall 
will not differ by more than 2 per cent, from the normal vertical gradient 
over a large horizontal area. 


On the Enhanced Series of Lines in Spectra of the Alkaline 

Earths, 

By W. M. Hicks, F.R.S. 

(Received May 15, 1915.) 

The problem of the limits and numerical rolatiotis between the lines of the 
enhanced series of doublets in the alkaliue'earths has for long been adifliculty 
to spectroscopists. Ritz* in 1908 gave arrangements for the Sharp series 
from Mg to Ra inclusive, and proposed series formuhe for Ca, Sr, Ba, in 
which alone he had three lines from which to calculate the constants. The 
absence of extra lines rendered it impossible to teat his formulae, but the 
values of the constants obtained for his formula were quite out of line with 
those of the analogous constants in other series, and produced an instinctive 
doubt as to whether it gave the correct relation. It is now possible to test 
his limits by considering whether the denominator diflerences which give the 
observed separations have any relation to the oun or not The result of this 
consideration is definitely adverse. In none of the three is it possible to 
make the differences multiples of the oun without supposing observation 
errors in the doublet separations which are quite inadmissible ; and even then 
in the cases of Ca and Ba by taking odd multiples of which is never the 
case for S doublets in any other known series. 

There can be little doubt but that Fowlerf has at last settled this question 
by taking the Rydberg numerator constant to be 4N in place of N, thus 
combining in one set lines which on the old supposition would be arranged 
in two series, depending on Sharp and Principal sequences. The object of the 
present note is the determination of the connection of these series with certain 
laws which liave been arrived at in previous communications} to this Society 

, * *'Fhy%, i5eit»chr./ vol."16, p. 521. 

f * Phil, Trans.; A, vol. 214, p. 285 (1914), 

} ' Phil. Trans./ A, vol. 210, p. 57 (1909) ; A, vol. 212, p. 33 (1912) ; A, vol. 213, p.323 
(1913)--relerrod to In the following aa (I), (II), and (III) respectively^ 
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and more especially their dependence on the quantity in (III) called the 
*'oun/’ This is a quantity peculiar to each element, of magnitude 
Sx = 90*472 where to is 1/100 of the atomic weight. It is convenient to 
use S = 4Si in general. Their values as determined by observation are given 
in (III, pp. 344-34C). The most doubtful is correct to at least 1 in lOOO, 
Fowler gives formulae for the elements Ca and Sr with the limits for the 
S, D, and F series and for the S, 1) series of Mg. These values will be used 
in what follows. In order to get a coiiHpeetus for the whole group I have 
added a discussion for the corresponding lines in Ba and Ra. 

A few preliminary remarks on the series formulae may not be out of place. 
In (II, p. 36) I have given I'oasons that in the triplet series of tliis group the 
S series depend on the sequence which in the alkalies give tlie Pj, and vice 
vcrad. If we assume the same result for the doublet series it will be found 
that the new formula reproduce the other lines with much greater closeneas 
than those used by Fowler — who has very naturally taken a Sharp sequence 
for a Sharp series. The modification consists in taking the constant /x as 
1 -f fraction or, wdiich comes to the same thing, writing the denominator as 
-f ^4- 1). The formula: on this basis, using the first three lines for 
data, are 

Ca a = 70310*5--4N/(»«4l*205860~0*0(m29G/m)^ 

Sr 04466‘0-4X/(m4 l‘301682-OOBir>02/m)», 

and the values of 0— C, compared with Fowler's, are 


Ca- 

rH 

0 

0 

0 

0-27 

0-34 

LF. 

. -l.SO 

0 

0 

0-3 

0'3 


rH 

0 

0 

0 

2-2 


br^ 

lF 

. -81 

0 

0 

0-7 



In the case of Ba (as allocated below) the formulfn calculated from the 
second, third, and fourth reproduce the first line with values of 0— C = —143 
when fi = fraction, and 159 when ^ a= 1 + fraction. It is probable that a 
formula with w + l4‘/4«/(?^i+/) would reproduce the lines of each element 
wii-h very fair accuracy, But the residual errors show that these limits as 
well as those of Fowler are too large. The cause is probably cbie to the fact 
that the first lino is not the calculated S^l) but the observed / They 
never exactly agree. 

In the case of D and F series. I feel some doubt as to whether the 
actual lines follow a given formula sequence, although it may be possible 
tliat they are in some way related to such typical sequences. There can 
little doubt, I think, but that the values of the wave numbers are detenuined 
by au expression of the general typo A— B/D®(»n.) but the denommator 
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certainly cannot itself be a mathematical function of the integer m for both 
the Dll and Dis lines, or for both the Pj and Pa lines. They are best discussed 
by calculating the actual values of D(m) from the observed wave numbers, 
and then attempting to investigate the relationships between them. This is 
the method adopted in (III) and it will be followed in the present note. 

The values of 8 for the elements in question are (III, pp. 344-346) 

Mg, Oa. Si’. Beu Ka. 

21*48 58*14 277*89 683*2 1853*16 

The theory that the separations of the S, D, and P series depend on 
multiples of theoun, and that the satellite separationsof the D, and consequently 
the F separations, also depend on other multiples of the same quantity, can, I 
think, be considered as established, and may be taken as a test for new cases. 
This part of the discussion will then be taken first. 

The exactness of the detennination of the denominator differences which 
produce the observed separations depends almost wholly on the exactness of 
the separations as measured, and only slightly on the true value of the limit. 
In fact the value of the difference is affected by the same percentage error as 
the value of the separation adopted. Any error in the limit produces only 
a small effect, because it enters as the difference of two nuiubeiB each affected 
by nearly the same errors. To illustrate this point the calculation is given for 
Ca, and the results only for the other elements. 

Fowler quotes for Ca a doublet separation v = 223*0 and limits 70289*2 for 
Si and 70512*2 for S 3 . Take the true limits as l^eing f greater and that the 
value of = 223*0 is affected with an error dv. Using the numerator 4K, 
the denominators for these limits are respectively 2*498012— 17*77f and 
.2*494060— 17*68f. The difference of these digits, allowing for the error in v, 
is, therefoi'e, 

S952 + l7*7<fi/-0*09f 

In this dv will be less than 0 * 1 , and unless the value of the limit is very 
much in error the true difference cannot differ from 3952 by more than 
2 units in the last place. Now 8 for Ca is 58*14, and 688 =: 3953*5. The 
possible erx'or in 8 is probably much less than one per thousand. These 
numbers agree easily within any possible observation errors, and we may say 
that the separation is due to a denominator difference A'm 688 . In (HI), 
Ai, A*, have been used to denote the corresponding values in the triplet series, 
and A for Ai-hAj. In order to have a consistent notation we might denote 
the multiplicity of the series by a corresponding dash and write respectively 
A^'^ A«'', A'' for triplets (or two separations) and A^ for doublets. The same 
notation might be extended to the series themselves, thus ClaS/^( 3 ) would 
V 0 L.XCI.— A. 2 k 
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refer to the triplet system and CaSi'(3) to the doublets now being 
considered. 

For the other elements Mg, Sr, Fowler’s values for Si(oo ) are respectively 
85479*8 with v=:91*5 and 64323*3 with 1^5=800. But 800 is much too small, 
and is due to an arithmetical error in deducing the wave number from the 
wave length 4215‘66. The least square value weighted by possible errors is 
801*24. Adopting this we have denominator differences 

for Mg 5^B = 1213, 

for Sr 16113-20^fi/-0‘37^, 583 = 16117*7. 

Hence clearly for Mg A' = 56J3 and for Sr A' = 583, noting that dv cannot be 
more than about 0*1. 

Fowler has drawn attention to the difference between the behaviour of Mg 
and the otlier elements as showing no line corresponding to negative values 
in the Diffuse. A similar difference is shown also in the triplet series 
(III, p. 366), and seems to show that Mg is more analogous to the low melting 
point elements of this group (Zn, etc.) than to the earths. This difference is 
exemplified also when the atomic volume tenn is considered as is done 
below (p. 462). 

Passing on to the second law, the separations of the satellites in the Diffuse 
series are caused by denominator differences in VDn and VDia. That for the 
first set is always greater than for succeeding sets, for which latter they are 
in many oases, though not always, the same. Moreover they are generally 
multiples of 3i. The calculated results are here affected by observed errors 
in the single lines, but again are almost independent of the limit eixor. The 
results are of course independent of any fonnula? beyond the fact that the 
wave munber is of the form A— 4N/JX 

The values of the denominators are given in Table I. The figures in 
brackets denote possible errors, and as the effect of the change of limit is 
practically the same for Dji and Dig it is only entered for the first. 

Mg shows no satellites, as is the case also in its triplet senes. 

The corresponding numbers for Ba and Sr are also placed in this Table 
from the discussion given below. 

In order to obtain the corresponding quantities in Ba and Ha it will be 
necessary to make a digression to discuss the enhanced series in general in 
these elements. 

Ba , — Ritz gave for the S series the lines —4554*21, —4934*24; 4900*13, 
4625T9 ; 2771*51. 2647’41 ; to which Saunders^ has since added 2287, 2202. 
The Zeeman effects for the first two pairs have been observed and the 


* Rev./ vol. 2S, p. 162. 
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Table I. 

Cli* 



A' » 8963. 

8-68 -14. 


2'81287()(K))-14'2J 

47320-20 J 

858 

2-312018(14) 

69^1 «« 867 -6 

8-3fl0196(l.S)-43'2£ 

8811 -52£ 

830 

8 -859869 (18) 

67^, 828 *6 

4 -SOOOU? (Pi-95£ 

3972-81 ■7£ 
6-872979 (PJ-170-7E 

5807-120£ 

799 

•4 -888808 (P) 

56 5i 709 '4 


6 *378886 (?)-29C^ 

Calculated from Pg— v. 


Tlie oatellite dilferanoaH are therafora 69 55 although, as the third Utia probably ItM 

large obAertatiuu errors, the 658}, in spite of its exact agreement with the observed separations, 
may be 54, 66, or oven the same an for the second line. The denominator difference for w ** 5 


ftnd 6 is so excessive as l.o throw some doubt on the allocation of the last to Pn (6). 

Sr, 

A' - 16117. r - 277 *89. 

2 '434027 (12)^16 '4^ 

82059-49 ‘5^ 

4587 

2-429940(16) 

66 d, - 4685 '0 

3*616586 (12) -49 *54 

23522- 67 ^ 

4284 

3 -612302 (20) 

02 -v 4307*1 

4'64010H (?)-106 *65 

4197 

4 -53i5911 (P) 

608, - 4168 

The satellite differences are therefore 60S,, 62Sj, 60 5,. The viiluos for the second and third 
are not so close us in Ca, but are both within error limits. 

Ba. 

A' -w 88610. ( ^ 688*2. 

2 -421.804 (?)- IS £ 

148328 -35 '8£ 

14234 -0 3 ^ 

2 *407070 (6) 

83 r, - 14176*4 

3 -669882 (18) -61 •«£ 

35512- 60 £ 

10602-0 4?: 

3 '669030 (15) 

028, 10689-6 

4 '606144 (80)- 111 £ 

17606- 01 £ 

6 -622660 (2000) -202 £ 

• 18006 

6 -640666 (?) 

10529 *-0*5 4 

8087 

Ra. 

a' « 112116. 5 

4 *594015 (80) 

6 *614563 (2000) 

* 1863 *16 + e. 

625, 

2 ■466091 - 
146708- 

35662- 

2 *429429 

775, « 86673 

8 '611 799- 

58814- 

4-670018 

26376- 

8 *686423 

67 if, « £6407 4 67e 


Zeeman patterns are those for a doublet S series. The doublet separation 
is 1690'63. There can be no doubt but that the allocation is correct and 
also that they form an enhanced series. The formula calculated from the 
2nd, 3rd, and 4th is 

M = 68622-8-4N/(w+0-477659-0-270245/m)». 

This reproduces the first with an error— 143. The limit may be taken as 
probably correct within ±60. The two limits are then 58622'8-ff and 
109O‘83 additional or 60318'43+f. These give a denominator difference 

38610-0‘98f+22-36d*' = 66|(683-3-0-0lf+0-4di/), 
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Now, for Ba, 5= 683 2 with an uncertainty of about unity in the fourth digit 
Hence A' =66 JS. 

For the Diffuse series we take the following set — 


A. It. 


-(10) 6858 -01 
6148 -0 

6407 -07 

-17077 -96 (0-20) 
-10190 ■S.'J (?) 
-16387-87 (0'24) 

B87 43 

1690 *59 

(4) 4166 -24 
(8) 4130 *88 
(6) 889X *97 

28996 *83 <0 *29) 
24201 *24 (0 -29) 

' 25686 *80 (0 *33) 

205*41 

1690 97 

(4) 2641 *62 
(8) 2634 ’91 

(5) 2628 *60 

37846 -97 (0 -72) 
37940 -87 (0 -72) 
89686 -68 (?) 

94-90 

1690-66 

, 2236 

2234 

2165 

44709 (?10) 

44749 (? 10) 

40389 (? 11) 

40 

1680 

2064 

1987 

48689 (?) 

60312 (?) 




In the first set, the Dn lino (6148) is taken from an observation by Moore* 
in the course of his investigation of the Zeeman effect in the Ba spectrum, 
and it was strong enough to enable him to determine its Zeeman pattern. 
There can be little doubt as to the allocation of the first two sets, as they both 
show the Zeeman patterns for diffuse doublets. It is curious, however, that 
the Dll of the first should be so much weaker than the Dia, which is 
abnormally strong. It would seem that only a small proportion of the 
configurations which give the normal line Djg ure split up and laterally 
displaced (III) to tlie Du Bet. As a rule they appear to be less stable than 
those giving I)n, It will be seen later that a similar effect is shown by Ra. 

In the third set Dai (2528) is a line observed by Exuer and Hascbek. Tlie 
other lines in the first three sets are measures of Kayser aiid Range, 
whose estimates of possible errors, translated to wave numbers, are inserted 
in brackets after the measures. The remaining lines are by JJaunders (/oc. ciL)» 
Using the limit for S(oo ) and the second and third lines, the formula for 
Dn is 

n * 68622*8 -l-4N/(m4-0*711680^0‘426144/my». 

This gives X = 2233 for m = 5, which is Saunders’ 2234, and X « 2064*6 
for m = 6, which establishes the set. The denominators are given in 
Table I. It is seen that the denominator difference for the first satellite is 
close on 83 Sj, but the difference between 83 3i and the observed is too large 
to give so satisfactory a decision as in other cases. This, however, may well 
be due to the unknown observation error in Du. This line was not observed 

* ‘Ann. d. Fhys./ vol. 25, p, 314.. 
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by Kayser and Eunge, but incidentally by Moore in the course of his investi- 
gation of the Zeeman phenomenon. The error in Dw cannot be larger 
than 5, and if the whole error be thrown on Du the denominator should 
be 58 less. Other considerations given below (p. 463) confirm this, and at 
the same time show that the limit should be about 3 larger. The wave- 
length of the line sliould be about 1 A.U. leas than that measured, and 
make the satellite separation 883*8. 

Sa , — The case of Ea is more diflScult as the 8i)ectrum has not been 
measured above 6640 nor below 2700. Moreover, with increasing atomic 
weiglit the radiating configurations appear to get more unstable and to break 
up into numerous others, with the consequent disappearance of regularities.. 
By far the best meaBurementa are those of the spark spectrum by Runge 
ami Precht* Their plates were not sensitive above 6500. Exner and 
Hasohek observed a few above this. Kitz (/oc. cit,) gave for the S series the 
two sets - (100) 3814*578, -(50) 4682*369, and (15) 5813*85, (10) 4533*827. 
These give doublet separations respectively of 4857*00 and 4857*16. Tc 
these may be added for D (3), (20) 4436*489, (50)4340*830, (50)3649*748. 
These selections are probably correct — although we have not tl)eir Zeeman 
patterns as in Ba. Tliey are not sufficient, however, to determine tlie limits 
unless a Rydberg formula were exact, in which cjise the two S lines would 
be sufficient. But in the other elements limits as thus found are about 
1800 too high, and thus quite inadmissible. We are, therefore, driven to 
apply the method which is used in (HI, p. 405) in studying the spectrum of 
All. The Rydberg limit from the two S lines is about 57863. From 
analogy with the other elemeutB the real limit sliould be about 1800 less, or 
in the neighbourhood of 66000. It should be sucli that tin; value of 
A' required for the observed separation (4857) is a multiple of the ouu — 
of Sa from' analogy with the others — and that the difference for the satellite 
separation (496*55) of D(3) should also be a multiple. If the first condition is 
applied, a series of values for the limits are obtained. Using these, they are 
tested for the second condition. It is found that one alone satisfies it, and 
this is then taken as the real limit. 

In order to apply this method it is necessary to know beforehand the 
degree of accuracy of which the data are susceptible. These data are 
respectively the values of 8, y, and the satellite separation. For Ra 
8 = 1863*16 4- (?, where e is probably less than 0*6, or say 1 in 3700. For 
the other data it is necessary to know the possible errors of observation, 
which unfortunately Runge and Precht do not give. But they give readings 
for the special hnes in question to the third decimal place (Si (3) excepted). 

♦ * Ann, d. Phys.,’ voL 14, p. 419. 
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We shall probably* be safe, therefore, in assuming that these are not in error by 
more than 0*005 A.U. For Si (3), which is a good line, we may take 0*05 A.U. 
With these the following values of v are obtained* : — 

8(2), 4857*00-0*034j» + 0‘023^, 

S(3), 485716-0*147y)' + 0*024r/, 

I)(3), 4857-34-0*037y' + 0*025 

in which p and q must lie between ± 1. It is clear that the Diffuse and 
Sharp separations cannot be exactly the same if our error limits are correctly 
assumed. Those of S(3) and D(3)inay be equal, and as S(2) is possibly 
really r(l) its smaller u is in apparent agreement with indications in other 
series. In any case they do not differ by an amount sufficient to affect the 
determination of the satellite diffei’erice. Tlie 8(oo). will, therefore, be 
determined by v = 4867*05 ±0*05. 

The satellite separation, with the same supposed observation errors, is 
490*50-0’026/>4- 0*025^, or say 496*50±0*05. 

Between 57863 and 55000 nine limits were found which satisfied the 
first condition. The values of the denominator difference run from 598 to 
638. Tliese were tested on D(3). They all distinctly failed to satisfy the 
condition except that due to 60 J 8. This belonged to limits 56653*23 and 
61510*28. Taking the actual limits to be f larger, the denominator difference 
is 112116-2*85 f = 604 (1853*157-0*047 f) = GOJ 8. With the assumed 
maximum values of e above for 8, f can vary only by ±10. This limit value 
is now used for 1) (3), only f will be slightly different if the v for D is 
4857*37. The denominators for Du (3) and Di2(3)are now 3*611799 a^d 
3*585423. The difference is 26376 — 1*2 f —262 — where dX^ dX\ 

arc the error's in observed Du and Dw. Now 578i = 26467H-57e. If 
these are to be equal 314- 57^ = — l‘2f — 262(^^X— f/V). This equality can 
be met by values of e, dX, dX' well within their maximum possible errors 
assumed above. We ar^e justified, therefore, in taking A' = 60'48 and the 
limit Si (oo ) = 56653*23. 

Tire I)(2) set of lines should be in reverse order in the red. As no 
separation 4867 occurs there amongst observed lines, at least I>3(2) is outside 
the observed region, but it may still happen that the lines Dii(2) and Di3(2) 
are within. If so, their denominator difference should be a multiple of 8i.aiid 
their man tissai considerably less than the corresponding ones for D(3). Also the 
lines should be strong, and from analogy with the other elements the satellite 
separation should be rather greater than four times that for D(3). There are 

There are several other line« with the iiaiue aeparation, but it will bo safer to deal 
only with the S and I) Uboh. 
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twomich lines in Bunge and Preoht's list, viz., (10)5660*81 and (4)6439*1. The 
latter is very close to the limits of sensitiveness in the red of Bunge and 
Preoht's plates, and consequently the line itself must be considerably stronger 
than is indicated by a plate intensity of 4, Tlieir separation is 2134*6 1 , rather 
larger than 4 x 496 and they occupy posiLions in step with those of Ba. 
Taking their wave numbers Dia = —17660*51 and Du = — 15525*90, their 
denominators are 2*429429 and 2*465091. Their difference is, tlierefore, 35662 
and 773i = 35G73-f 19r, the same within error limits. The ratio for the first 
and second sets, 77 : 57 = 1*35, is practically the same as for Ba, 83:62 = 1*34. 
Moreover it is noticeable that they show precisely the same abnormality as 
in Ba, viz,, tlie Du(2) is of less intensity than the saitellite Di 3 ( 2 ). There is 
also further evidence in tluit the denominators of the corresponding lines for 
m = 2 and 3 differ very closely by multiples of B \ — a result shown by all 
other known Diffuse series (see III, Table II). Further we should expect 
F series with a separation 2134*61. Evidence for this is given below. 

The set for 'w/ =4 will be in tl»e ultra-violet. The shortest lines given by Kiuige 
and Precht witli 7i = 35528*5 and 36900*7 are strong. But the former gives a 
denominator with a mantissa smaller than for /// = 3, and the latter one with 
a value much liigher than analogy with other spectra would load us to expect. 
.Exner and Haschek give a spark line at 2736*20 with 7i = 36547*04. This 
gives a denominator 4*670613, with mantissa 58814 above that for 7ii = 3, 
which again is 146708 above that for m = 2. It is therefore, in fair order 
of magnitude. The difference 58814 should be a multiple of 3i, but it is 
affected with an observation error of 1548fl?A. With dx = 0 05, this is 77. 
Now 127Si = 58828, and as Si = 465*3, even the large possible error of 77 
could not alter the multiple. It is quite possible, therefore, that \ = 2736*20 
is Dii(4) ; the satellite is too faint to have been observed and 1)2(4) is outside 
the region of observation. If, as in Ba, the satellite differences for wt = 3 
and 4 are the same, these unobserved lines would be at 2752*7 and 2428*0, 
and the satellite 8e|Kiration would be 229*3, 

The first three sets of RaD as thus arranged are tlierefore 


X. 

N. 



-8800 '81 
-U480 ‘1 
[-78(WS] 

-17660 -61 
-15626 00 
[- 12808 ei] 

2134 61 

4857*00 

M8e-4te 
4840 480 
8848 -748 

22684 *16 
28080*71 
27301 ’OO 

466 -5S 

4857*34 

DWfiS'73 

8780*80 

[8488*0] 

[86817 *78] 
86647*04 
[41174*78] 

229 81 

4857-00 
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The results obtained for A' and the satellite difiere&ces are collected in 
Table 11. For purposes of comparison the values of As=Ai+A», and of 
the satellite differences for the triplet series, are also added. 


Table II. 



A. 





SatelUbes. 



A . 










XripleU, 


Doublets. 

' 

Me 

595 




None 


None. 

1 


Multiples of 5. 

Multiplei of 5i. 

Ca 

7X^5 

685 

r laa. 
1 

185, 

84^ 

148 


60I„ 57 S„ 66 S| 





Sr 

1 02H 

685 

f 185, 

1 8^ 

I2f, 

8S, 

16<\ 

165, W 

85 

Oaa„ 609, 


85, 


j 

Ba 

j 60^5 

i 

66iS 

f 148* 

\ \ U5, 

105 



83t„ 629,, 629, 


? 




Ra 

68i5 

60i5 1 

1 

1; 

L ^8 

18 



779„ 679, 


In general Ai is a little greater than 2A( and A' less than 3A». Thus 



A,. 

A'. 

: Mg 

2 Aq + 65i 

8A3*^65i ( 

1 Ca 

2 Af 4* 45j 

8 A 8 -IO 81 1 

i 8 r 

2 Ag + l05j 

3As-45| 

1 Ba 

2 Ag’t' 82 5j 

8 A 3 + 165| 


♦ 2 A, + 625i 

8 A 3 f205( 


* As is doubtful in Ba. 


The F Series . — In the F series as given by Fowler the separations are both 
larger than in the I) satellites, for instance 65 as against 59‘6 in Ca, and 
284 8 as against 279 2 in Sr. The differences are too large and too systematic 
to bo ascribed to observation errors. They seem to be constant for the 
different orders, which would point to displacements in the limits if they are 
really the F lines or they are not the normal F lines. Now pairs exist with 
the proper separation. Again the discussion of the 1) senes has shown that 
in Bu the F separation should be 887, or more probably 884, and that in Ea, 
if the suggested values for Du, Dit are correct, a separation of 2134 should be 
expected. These are found, and homologous sets can be fomrd in all four 
spectra with the true F separations and in which the Zeeman pattern of one 
of each set (lia excepted) has been given by Moore (loc. eit.) and is the . same for 
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the three. But these lines are also closely connected in the same manner in 
each spectrum with the triplet F series. The clearing up of this connection 
should probably tlirow a gi’eat deal of light on the connection of the v^urious 
series, but it will require much further investigation. The discussion is 
therefore held back for the present. As bearing on the correctness of the 
identification of the Fa I)(2) lines, however, the following lines — in addition 
to Dll and Dia — show the separation to be expected! 


A. 

«. 


4692 -X 

21306 -60 
23439 -62 

2133 oe 

47^k) 

4305 -0 

3941 *3 

21080 *93 
28222 -38 
25365 -32 

2132 45 
2142 94 


Of these one is probably negative and corresponds to the other to 

m=2. 

The laws relating to the dependence of the se]>arations of doublets, triplets, 
and satellites on the oun may bo considered so well established that they 
can be used as testa for new theories. The foregoing discussion thus affords 
strong testimony in favour of Fowler’s explanation. We may now use these 
new series as tests for certain other relations, which, although perhaps they 
cannot be considered as yuoved, yet have a considerable body of evidence in 
their favour. 

(1) We will take as the first of these, the relation that- the denominator of 
the first term of the jt>-sequenoe — that which in tiie alkalies gives the P 
series — is proportional to a multiple of the atomic volume. It would appear 
that there is in connection with each atom a fundamental quantity, of the 
nature of a volume. It is remghly proportional (probably to about 2 per cent.) 
to the atomic volume as measured by the lutio of the atomic weight to the 
density of the suhsUnce in the solid state, a measure which is dependent to some 
extent on temperature and other effects. The law would state that the 
mantissa of the denominator of the firstdine sliould l^e where v is the 
atomic volume, x a whole number, and k a number in the neighbourhood of 
0’002740, this number being probably correct to about 2 per cent. The 
difficulty in determining its value more accurately depends on the facts that 
the true value of v is not known within that percentage and to the 
uncertainty as to whether the fractional part of the denominator itself 
follows the law, or w^hether there is some group constant to which the term 
is added. But, if so, this constant is so near unity that it is quite possible to 
determine whether the multiple exists — and in that case its value — without 
ambiguity, allowing the factor to be 0*002740 (1 ± 1/50). 

In ^ the alkalies the p sequence gives the P series and consequently 

VOh. XCi.--A* 2 0 
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Si(ao) = S 3 (x ) = 773 ( 1 ). It is easiest, therefore, ia this case to apply 
the teat to the limits of the S and ]> series. It would appear that the pn 
seijuence is ol‘ a more fundamental type than the pu as is also the case in the 
Diffuse satellites in which the outer satellite is the real normal line from 
whicli the more intense Dn lines are formed by lateral displacement. Here 
pi(l) is formed from 793 (1) by adding 4. In certain other cases it would 
appear that the Sharp series depends on the p sequence and the Principal 011 
the sequence. In this ease we look for the presence of the law in VS (2), 
which is^(l). This is apparently the case in the triplets of Group 2 . The 
values of the multiples for the elements already tested are given in (III, p. 47). 
In the present case, then, both 83(00 ) and the VS ( 2 ) must be tested. The 
result is that Mg follows the law in VS (2) and not in 83 ( 00 ). On the 
contrary, in Ca, Sr, Ba the law is followed in 83 ( 00 ) and not for VS (2). The 
densities used are the same as in (11), viz., Mg (1*72), Ca(l*57), Sr (2*50), 
Ba(8*77). The results are given in the following table : — ' 

Mg. Mantissa of VS (2) = *920434 = *065050^7 = *002710 x 24 r. 

Oa. „ S 3 (od ) = *494040 = *01933Gr = *002702 x 7 v;. 

Sr. „ „ = *590175 = -OlGgCSy = *002828 x 6v, 

Ba. „ „ = *696694 = *019110^ = *002730 x 7 r. 

lia. „ „ = ‘670322 = • 002964>77 = *002740.1*1;. 

With density of Ea = p = 0*94a*. 

The greatest deviation is shown by Sr, in which the density determinations 
by different observers vary greatly. It is clear that these enhanced series 
support the truth of the law at least as a first approximation. If lia is 
supposed to behave like Ca, Sr, Ba, its density must be 0*94a:, where ir is an 
integer. From analogy it would be G or 7, giving a density of 5*64 or 6*58. 
A corresponding theory applied to the triplet series (II, p. 46), in which the 
numbers are less definite, gave p = 1*02;/; with x = 5 or 6 . 

( 2 ) Apparently the Diffuse sequence depends on multiples of the oun in a 
similar manner to that in which the p sequence depends on the atomic 
volume. In a very large number of oases the denominator of the outermost 
satellites of the first set is a multiple of the A, and in all other cases the 
difference between the denominator and the nearest multiple of A is itself a 
multiple of the oun. In the latter case the nature of the evidence for low 
atomic weights is not decisive as in them the oun is so small that it is easily 
smothered by observation errors. In the present discussion, then, the question 
to be tested is whether the first satellite denominatjor is a multiple of A', or 
differs from such multiple by a multiple of the ouu. In the case of Mg the 
A' ia too small to settle the question one way or the other. 
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Ca, using Paschen’s value of X = 8642*6 — 

For J)x 2 . mantissa *312088 (10)-- 14*1 f = 79(3949-*18f) «: 79‘A^; 
with f = —20. 

Sr, using Kandall’s value of X = 9958*31 — 

For I)i 3 , mantissa = •429954(?)— 16'4f,is not a multiple of A'. 

For Ihu = -434527-16*4f = 27 (16093*6- *6 f) = 27A'. 

If, however, the limit be determined from the second, third, and fourth 
lines — which is generally to be preferred — it comes out 49 lower. To make 
the mantissa an exact multiple, the limit should be lower by 32*3, and 
probably also more correct than f == 0. It is curious that Sr shows precisely 
the same kind of displacement in the triplet system, the exact multiple being 
there found in Dig instead of in I)ja. 

Ba » — Here neither Du nor Dia give multiples of A"", but they differ from 
such by multiples of the oun. 

For I)i 2 , mantissa = *407070(5)— 15*9 f = 11 A' — 1038i— 48 — 16f. 

Du. » = -421304 (?)- 16 f =: 11 A'-5g*M0-16f. 

Now it was seen above in considering tlie satellite sepaiutions that Du 
with a large possible error makes the denominator too large by 58. This 
corrected value would give for Du above 

Mantissa = *421246 — 16f == 11 A' — 56— 48 — IGf. 

JIa— 

For Jha, mautissa sr *429429 (51 </X)— 16*3 f = 4 A' — 4l6i — 36— 16*3f. 

D„, „ = *465091 (41(a)- 17 f = 4A' 4-96-48-17?. 

With f =s —2*5 the relations hold, within small observation errors, for 
both. 

As to the changes in the limits re^piired by the above values of ?, it is to 
be noted that tor Ba and Ra they should not be large, because if the theory 
used to determine the Ra limit is correct the value obtained must he close to 
the real value’ — -and —2*5 is quite allowable. For Ba tlie limit is obtained 
from the second, third, and fourth lines and is a better value therefore than 
that obtained from the first or fifth. Fowler's limits for Ca and Sr are on 
the face too large, as the 0— C for the later lines show. Hence, here again 
the evidence of the enhanced series gives weighty support to a relation 
obtained in (III) from a study of other series. 
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Gaseom Combustion at High Pi^esmres. 

By William Arthuk Bonk, D.Sc.,"F.R.S., in collaboration with Mesats, 
Hamilton Davikh, B.Sc., H. H. Okay, B.Sc., Herbert H. Henstook, 
M.So., Ph.D., and J. B. Dawson, B.Sc. 

(Received Deceml)er 22, 1914.) 

(Abstract.) 

The paper gives an account of investigations on gaseous combustion under 
high pressures carried out in the Fuel Department of the University of Leeds 
during the years 1906-12, with a special installation of apparatus, the cost 
of which was defrayed out of grants made from time to time by the 
Government Grant Committee. 

Experiments in which mixtures of methane with less than its own volume 
of oxygen were exploded in steel bombs at initial pressures of between 
8 and 32 atmospheres liave given results in harmony with the hydroxyla- 
tion” theory of hydrocarbon combustion put forward some years ago by 
Prof. Bone. The influence of various secondary reactions upon the products 
of the primary oxidation whilst the gases are cooling down after the attain- 
ment o(' maximum pressure is discussed in the light of the experimental 
results. 

Results of ex^>erimont» upon an equimoleoular mixture of ethane and 
oxygen, whose behaviour is crucial in respect of the different views of 
hydrocarbon combustion advanced iii recent years, liave again confirmed the 
hydroxylation theory. Another section of tlio paper deals with an experi- 
mental determination of the relative affinities of methane, hydrogen, and 
carbon monoxide for oxygen in flames. It is sliown (1) that the affinity of 
methane is at least twenty times as great as that of hydrogen, and (2) that 
when mixtures corresponding to CH 4 -f'G 3 -f are fired under high initial 
pressures, in which the partial pressures of methane and oxygen are kept 
constant and x only varied, the distribution of oxygen between the methane 
and hydrogen varies with a circumstance which means that hydrogen is 
burnt dinicMy to steam in flames as the result of the trimoleoular change 
2 Hk-4-Osi 2HaO, and not (as some have sup{)osed) indirectly through, 
hydrogen peroxide. 

The affinity of carbon monoxide is shown to be comparable with that of 
hydrogen for oxygen in flames. Experiments are also described in which 
mixtures of ethylene, oxygen, and hydrogen, corresponding to CaHi-f 
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were exploded at high initial pi'essnres ; inter alia it was found possible to 
increase a: up to 8 without causing any deposition of carbon on explosion. 
The theoretical bearing of the results is fully discussed. 

The final section of the paper describes experiments in which the whole 
pressure curves, up to and far l>eyond the attainment of maximum 
pressure, were recorded when mixtures corresponding to (1) 2 H 3 -f 08+41^2, 
(2) 2CO-fOa + 4N2, and (3) CH 4 + 02-f 4N'2, are exploded under initial 
pressure of about 50 atmospheres. It is shown that the rates of attainment 
of maximum pressure in each case have no direct relation to the order of 
affinities of the various gases for oxygen. 


Electrical Effects accompanying the Decomposition of Organic 
Compounds, 11 . — Ionisation of the Gases pi^oduced duinng 
Fermentation. 

By M. C. PoTTKU, Sc.D., M.A., Professor of Botany in the University of 

Durhani. 

(Communicated by Dr. A, D. Waller, F.R.S. Receiver! February 26, 1915.) 

It is well known that the gases liberated during certain chemical actions 
carry charges of electricity. Thus Lavoisier and Laplace found that the 
hydrogen liberated from the action of hydrochloric acid upon iron is charged 
positively. More recently Enright (I ) has noted the same effect, and 
Townsend (2) has shown tliat the gases liberated during electrolysis are also 
charged. In a previous paper (3) evidence lias been brought forward to show 
that the decomposition of organic matter gives rise to electrical effects which 
are of the same nature as those produced by the action of acids upon metals. 
It seemed therefore an interesting point to investigate whether the CO» 
escaping from the fermentation of a saccharine solution might carry an 
electric charge and be ionised. 

To determine this point a series of experiments were carried out by the 
employment of a gold leaf electroscope and a Dolezalek electrometer. The 
method adopted was to suspend a metal plate with rolled edge a few 
centimetres -above the surface of gluc<ise undergoing fermentation through 
the action of yeast, the metal plate being connected with the electroscope or 
. electrometer, and the whole suitably screened in a box lined with tinfoil. 
Readings were then taken in the ordinary manner. 

VOL. XGI.~A. 2 r 
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JhKTiflim of tfte Apparatm (fig. 1 )l-^To evoid, aci far aa posaiUe, the 
laige accumulation of froth which always acootapanieB alcoholic femteata- 
tion, the fermenting glucose was enclosed in a shallow tin dish (a), 25 cm. 
in diameter and 7 cm. in d^th, the large free saiiaoe permitting the COj 
to escape more freely. For the purpose of insulation the dish was supported 
upon three amberoid plugs (/) fixed in a wooden base {g\ the key (A) 
providing the means of earthing the dish, if required, through the earthed 
wire (m). The metal plate (5), 22‘6 cm. in diameter, was suspended by a 
copper wire (c) soldered to its upper surface, this copper wire passing tbrou|^ 
a sulphur plug (d) held firmly in a support (r). This portion of the 
apparatus was enclosed in a light wooden box (A) lined with tinfoil and 
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having a detachable front also lined with tinfoil. By this means the 
fermenting glucose and accessory apparatus were effectually screened from 
external influence. 

Attention has already been drawn to the well known fact that the GOt 
evolved daring fermentation does not escape fireely from the fermenting 
liquid, amd thus it is neoessary to provide some means of stirring the yeast* 
glucom solution. This was accomplished by means of a glass rod (A) bent at 
right angles (with a short rod of ebonite (y) inserted for insulation) and 
fixed to the inside of the box (A) by {»8sing through the support (t), the 
lower portion being held horisontally just above the bottom of the dish and 
inunersed in the fermenting liquid. The upper end of this rod projected^ 
through a small hole in the top of the box. and by turning the projectiag 
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pieoe backwards and forwards the liquid in the dish could be stirred without 
disturbing its insulation. 

The electroscope (r) employed was of the ordinary type, with a gold leaf 
measuring 4*5 cm, in length by 1 mm. in breadth. This was enclosed in a 
brass box with windows, protected by glass slips, cut in opposite sides for the 
observation of the gold leaf, sulphur being used for insulation. The electro- 
scope was screened by a wooden box (B) lined with tinfoil, similarly to the 
box A. It was charged from a battery of 220 volts by a bent wire (/) which 
passed through the sulphur plug (/t) fitted into a hole in the top of B. A 
convenient and inexpensive battery was contrived by connecting in series a 
number of refills used for electric torches. Such a battery of 150 cells 
gave an E.M.F, of 220 volts, which remained constant for a considerable time. 
The boxes A and B were carefully earthed and connected by a metal tube (p), 
through which passed a copper wire (a) insulated by the amberoid plugs (o), 
the copper ‘Wire serving to cotinect the electroscope with the metal plate. 

The movement of the gold leaf was observed by means of a horizontal 
microscope with a micrometer eyepiece. It was found that Jive scale 
divisions of the eyepiece corresponded to a difference of charge of 4*4 volts 
upon the electroscope and plate. The times at which the gold leaf passed 
over the divisions were taken by means of a stop-watch. During each series 
of observations the times were noted for the fall of the gold leaf over the 
same divisions, which could readily be effected, as^both the electroscope and 
plate were charged from the battery of 220 volts. 

Before commencing any series of observations the insulation was carefully 
tested, especially that of the ebonite (/) inserted in the stirrer, which was 
rubbed with glass paper to ensure a clean surface. 

For the glucose solution 100 grra. of ordinary commercial glucose were 
dissolved in one litre of water, and the solution was placed in the box A for 
some hours that it might acquire the same temperature as the box and its 
contents. About 800 o.c. of this solution was then poured into the tin 4ish, 
the metal plate was placed in position, and a series of readings taken to 
determine the rate of leak of the gold leaf. To the remaining 200 ac. was 
added approximately 100 grm. of commercial pressed yeast to start the 
fermentation. When the rate of leak had been determined the 200 c.o, 
containing the yeast was added to the solution already in the tin dish and 
readings were taken for the fall of the gold leaf under these conditions. 

As the result of many observations it was found that when the dish 
contained glucose solution without yeast, the rate of electroscope leak was 
uniform over the some five scale divisions of the eyepieoe, whether the 
eleotrosoope was charged positively or negatively, and this rate of leak was 

2 P 2 
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ttninfluenced by the action of the atirrer in the glucose. That is the curve 
representing the rate of leak is a straight line^ The way was therefore clear 
for further advance. 

The general plan of the experiments was to introduce the glucose and 
yeast in the manner just described, adjust the metal plate so that it would 
be suspended approximately 4 cm. above the surface of the fermenting 
glucose and concentric with the dish, then connect the metal plate with the 
electroscope and charge them to the standard voltage (220), recharging after 
each reading. Owing to the necessity of stirring the glucose, the readings to 
determine the rate of leak of the electroscope were taken in sets of three, one 
immediately after the other : that is one reading before stirring ( (I) in the 
diagram), one during which the stirring was in operation (II), and a third in 
which no stirring took place (III). 

Eorperiments with tlm 

Two sets of observations were required, viz. the electroscope and plate 
charged positively, and the electroscope and plate charged negatively. In 
each case the disc containing the fermenting glucose was connected to earth. 

Electroscope and Plate Charged Negatively , — An example typical of many 
observations is shown in the diagram, fig. 2a and B. The curves in A refer 
to readings taken almost immediately after the introduction of the yeast, 
and before the full rate pf velocity of the fermentation had been reached. 
The times are plotted horizontally in minutes and the divisions of the eye- 
piece vertically. The curves I and III are practically straight lines, and 
show that the rate of leak in the absence of stirring is uniform. It will be 
noted that in III, after the stirjing, the rate of leak is slower than in I In 
II the curve is slightly bent, but as there is little evolution of CO# at such 
an early stage the curves do not exhibit any very perceptible difference. 

The three curves in b represent readings taken later than those in A, at a 
time when the fermentation would be actively proceeding. Some 17 minutes 
elapsed between .the curve II in b, and the corresponding one in a, and during 
this interval a large quantity of CO# would be formed and not liberated from 
the fermenting solution until stirring took place. 

Curves I and III are again straight lines, but the times occupied by the 
gold leaf passing over the five divisions are somewhat faster than was the 
case in A. The curve III also again shows a decreased rate of leak as com- 
pared with I, owing no doubt to the Uberatiou of the entangled CO# during 
the process of stirring. 

Curve II shows in a marked degree the sudden evolution of the 
CO# due to the action of the stiver. At the commenoement of the 
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stirrmg the entangled CO* rapidly escaped, and simultaneously the gold 
leaf fell through one and a half divisions in 36 seconds, a great contrast 



MINUTtS 

Fia. 2 a. 



MINUTES 

Fia. 2 b. 


to the rate of leak in I apd 1I» when the time occupied for the leaf to 
fall over the firat division was IJ and 2 minutes respectively. After 
the sudden ebullition of the COg, due to the action of the stirrer, the 
stirring was stopped^ and the fall of the gold leaf then became vety 
AoWt teking 4 minutes 24 seconds to reach the ncTt division. During 




470 Prof. Potter. Electricul Effects c^ctmpanying the ^ 

this time COa would accumulate, arid on proceeding again to stir the gold 
leaf fell through the next division in 48 seconds. The stirrer was now 
stopped again, and 3 niinutea 42 seconds wei^ occupied by the leaf in 
falling to the fourth division. Then on the re-connnenoement of stirring 
1| minutes only were occupied in falling to the last division. 

As mentioned above, five scale divisions are equivalent to a difference 
of 4'4 volts. Thus curve II shows that at the oorumenoement of the stirring 
the electroscope and plate lost a charge of 1*32 volts in 40 seconds, in 
striking contrast to curve 1, which represents a discharge of 0*88 volt 
in 1 minute 30 seconds. During the next period (4 minutes 24 seconds), 
when the stirrer was not in action, the fall of the leaf was very slow, and 
the discharge only 0*44 volt. As soon as the leaf reached the second 
division, and stirring took place, the same rapid discharge of the electroscope 
was repeated, a discharge of 0*88 volt occurring in 48 seconds. Similarly 
there was again a quick discharge when stirring took place at the fourth 
division. 

Eleciroscopc afid Flair Charged Positively , — The results obtained under 
these conditions (fig. 3a and b) are of the same character as those indicated 
when the electroscope and plate were charged negatively, and need not, 
therefore, be dealt with in detail. As in the latter case, the readings taken 
just after the introduction of the yeast (fig, 3a) show little difference between 
the curves I, II, and III, as there would be ‘only a slight evolution of COa. 
But after the lapse of half an hour the effect of the escaping COa is again 
plainly shown (fig, 8u). Curves I and III are as before straight lines, showing 
that approximately the same rate of discharge had been maintained. 
Curve II shows the rapid discharge of the needle consequent upon the action 
of the stirrer, then a slow rate of discharge when the stirring was 
discontinued, followed by a rapid discharge upon the re-commencement of 
stirring, and so on. 

With a 10-per-eent, solution of glucose there is always a considerable 
amount of froth, and it might be objected that the accumulation of this froth, 
diminishing the distance between the surface of the fermenting glucose and 
the metal plate, would alter the capacity of the electroscope and plate, and 
thus cause an error in the electroscope readings. 

Many ex}>eriments were tried with the object of diminishing the froth, and 
it was found that with a 2*5-per-cent. solution of glucose it was reduced to a 
few bubbles and no accumulation occurred. Also with this strength of 
solution the fermentation proceeded rapidly, and the quantity of COa evolved 
was sufficient to give reliable readings during the time required for each 
experiment. It seemed, therefore, desirable to adopt this formula for further 
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tests, aud the following set of experiments were carried oat in the same 
manner as the two just described, but with the employment of a 2'5>per-‘Oent. 
glucose instead of the 10-per-oent. 



MINUTES 
Fio. 3a. 



Fio. 3b. 


Meetroacope and Plate Charged Negativdy , — In fig. 4a and B are given the 
curves obtained from a 2'5 solution of glucose, with approximately 100 gnn. 
of yeast A comparison of these figures with figs. 2 and 3 shows that with 
the weaker solution much steeper curves were obtained, hut they retained 
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the seorie characteristics. Curves I aud III are again stiraight lines. In 
fig. 4a, taken from observations made as soon as possible after the intro- 



duction of the yeast, curves I and III were identical in the particular 
experiment here described; while cui*ve II coincided with these in the 
initial stages, but after the gold leaf had passed the second division its rate 
of discharge was somewhat slower. 

Fig. 4 b gives the result of observations made some 20 minutes after the 
introduction of the yeast, and when its full activity had been reached. The 
effect of stirring is shown in curve II, the time occupied for the gold leaf to 
fall through the first two divisions being equal to that taken for the leaf 
to fall through one division in the case of curves I and HI. On account of 
the gradient of the curves the slow rate of discharge after stirring is not a 
noticeable feature, but it may be remarked that the rate of fall in curve H, 
after stirring, is the same as in curve HI. 

Ekotivm'pe mid Plaie Charged Podtivdy.-^Dxe curves for this experiment 
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with a positive charge are given in fig. 5a and B, and repeat in character 
the results obtained with the negative charge. Fig. 5a, representing 



readings taken immediately after the introduction of the yeast, presents the 
same features as the otlier curves already given from similar observations ; 
and fig. 5b, derived from readings after the lapse of half an hour, when the 
fermentation was fully established, again strikingly illustrates the sudden 
fall of the gold leaf as the result of stirring. In curve II the leaf fell 
through two divisions in 30 seconds, whereas in curves I and HI it fell 
through one division in 45 seconds and 60 seconds respectively. 

A comparison of the results obtained from the' 10-per-cent, and 2-5-per- 
cent. solutions of glucose show that they are confirmatory one of the other. 
An explanation of tho fact that the 2*5-i)er-cent. solutions give much steeper 
(3urves is afforded by the observations of Adrian Brown (4), O'Sullivan (5), 
and others, who found that within certain limits the amount of sugar did 
not influence the rate of fermentation. Slator (6), working with a definite 
number of yeast cells, has also shown that the rate of fermentation is 
practically the same from 0‘5-per-cent, to lO-per-oent. solutions of glucose. 
The experiments with the 10-per-cent, and 2‘5-per-cent, glucose were 
conducted at approximately the same temperature, and with roughly the 
same number of yeast cells per litre of glucose solution, and hence 
approximately the same quantity of CO3 would be formed in equal intervals 
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, of time. But, on account of tlie greater viscosity of the stranger solution, 
the COa is in great measure prevented from escaping, as evidenced by the 
accumulation of froth ; but in the weaker solution the COs escapes more 
readily, and, as a consequence, the rate of fall of the gold leaf is more rapid 
and the curves are steeper. 

Exp^irLTnents with the Electrometer. 

With the object of testing the results obtained with the gold leaf electro- 
scope, a series of observations were made by substituting a Dolezalek 
electrometer for the electroscope in the box B. One pair of quadrants was 
connected to the metal plate and the other pair earthed, the arrangements 
otherwise remaining the some. 

The dish containing the fermenting glucose was raised to a potential of 
110 volts, this potential being found sufficient to produce a saturation 
current. The electrometer needle was suspended by a fine wire of phosphor 
bronze and was also maintained at a potential of 110 volts. It was found, 
by connecting one pole of a Clark cell to the plate and the other to the 
earth, that a deflection of 50 scale divisions corresponded to 1‘4 volts when 
the needle was charged to 110 volts. 

For the reasons given in the account of experiments with the electroscope, 
a 2’5-per-cent, solution of glucose, with approximately 100 grms. of yeast, was 
again employed os the formula from which the most reUahle results could he 
obtained. A 10-per-cent, glucose solution was also used for comparison of 
results, as well as a l-j>er-cent. 

Many trials were made with the electrometer to lest the effect produced 
by the action of the stirrer in a solution of glucose without the addition of 
yeast. The stirring was found to have no influence ui)on the electrotneter 
readings. The same system of reading was followed as has been previously 
described for the electroscope, that is : one reading without stirring, one 
immediately after while the stirring was in progress, and a third directly 
after the stirring ceased, the dish and quadrants being earthed after each 
reading. 

The ]}vsh and Fernuntmj Glmose Chared to 110 Volts Negatively. — The 
imdings taken os soon as possible after the introduction of the yeast showed 
little or no difference in the rate of movement of the spot of light across the 
scale, whether the stirrer was in operation or not. 

After allowing an interval of about half an hour for the fermentation to be 
thoroughly set up, it was found from many experiments that a great 
difference was at once noticeable between the readings taken when the stirrer 
was working and those immediately preceding or following. When the 
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fermenting glucose was left undisturbed the spot of light moved at a uniform 
rate, but when stirring took place it at first instantly moved rapidly over the 
scale and was then succeeded by a slower movement. In one particular 
experiment selected for illustration, 4 minutes 20 seconds were occupied by 
the spot of light in moving over 10 scale divisions in the absonco of stirring, 
whereas immediately upon the commencement of stirring the spot moved 
quickly, eight divisions being passed over in 1 minute and the next two 
divisions in 1 minute 15 seconds. In the next observation, during which the 
medium was again left quicsccuit, the spot of light moved uniformly at the 
same rate as in the first case, 

Ths IHsh and Fermenting Glucose Charged ^ 110 Volts Positive . — In this 
case also, immediately after the introduction of the yeast, the action of the 
stirrer produced no alteration in the rate of movement of the spot of light. 
But after allowing sufficient time for a vigorous fermentation to be set up, 
the spot of light moved rapidly as soon as stirring commenced, inverting to 
a slower rate of movement after the escape of the COa. To cite one experi-* 
ment, before the glucose was stirred it took 3i minutes for the spot of light 
to traverse 10 scale divisions, while seven divisions were passed over within 
one minute of the commencement of the stirring. Then following this 
escape of OOa, 1^ minutes were required for the next three divisions to be 
passed over. 

It is thus seen that whether the fermenting glucose is charged negatively 
or positively the same results are obtained. That is, readings taken 
immediately after the addition of the yeast to the glucose solution, when 
fermentation had hardly commenced, show the charging of the metal plate 
to be influenced in a very slight degree by stirring. But at a later stage, 
when agitation produced a sudden liberation of CO^, the metal plate is 
rapidly charged. The results obtained from the Dolezalek electrometer are 
in all respects in close agreement with those obtained from the electroscope. 

From these experiments it may be deduced that the CO 2 , when emerging 
from a saccharine solution, carries an electric charge or, in other words, is 
ionised. Also, since the electroscope is discharged, whether it be negatively 
or positively electrified, and as the electrometer needle is deflected, whether 
the fermenting glucose is charged positively or negatively, it may be concluded 
that both positive and negative ions are carried by the escaping COj. 

With regard to the dijfferent times quoted in these experiments, it should 
be remarked that to equate the results the fermentation must be carried out 
with solutions of glucose of precisely equal strength, maintained at the same 
temperature and fermented by means of an accurately determined number of 
actively living yeast cells, taken from a pure culture of the seme biologic 
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form. Up to the preBent it has not been found possible to satisfy these 
necessary conditions. Nor has it yet been possible to compare the 
ionisation produced by yeast with a standard solution of a radium salt. The 
investigation goes no further than to indicate that the escaping COa carries 
both positive and negative ions. 

Lord Kelvin (7) has shown that air when bubbled through water is 
ionised, and this fact, as Sir J. J. Thomson (8) has pointed out^ renders the 
interpretation of results difficult when they concern the evolution of gases 
through a liquid. But air bubbled through water carries with it a negative 
charge, and when, as in this case, the emerging gas is botii negatively and 
positively electrified it may be assumed that the electrification is due to the 
fermentation and not merely to the bubbling. 

The author (3) has already demonstrated that electrical effects accompany 
the dccornpositioii of organic compounds, and as the COa escaping from 
a fermenting saccharine solution also shows the presence of both positive 
^nd negative ions, it may be inferred that the gases liberated during the 
process of putrefaction ai-e also ionised. This possibility introduces another 
element for consideration in connection with the I'esearohes on the radio- 
activity of water and soils. 

Many investigations have l>een made upon the presence of radium 
emanation in various waters and in tlie soil air, the detection of the radium 
emanation being determined by the electroscope and electrometer, and 
a comparison of the results of these researches with those which are now 
described offers an interesting parallel. Sir J. J. Thomson (9) has shown 
that air when bubbled through Cambridge tap water ** shows all the 
peculiarities of a gas in which continuous ionisation is taking place.'^ He 
also considers that if the effects produced are due to the deposition of a 
radioactive substance, such substance must have come from the water. 
Yet upon evaporating the water to dryness upon a metal plate this did not 
show any ionising power. Adams (10) has followed up the results of 
Sir J. J, Thomson by an investigation into the nature and properties of this 
radioactive gas. When comparing it with air blown through distilled water 
in which a radium compound was dissolved, he found that while these two 
gases possessed many similarities there were important differences. For 
instance, the solution containing the radium salt, when tlioroughly boiled 
and all the emanation expelled, does not recover its radioactive properties 
even after a long time, whereas the radioactivity of tap water cannot be 
entirely destroyed by boiling, and on allowing it to stand it becomes again 
radioactive, though not to the same extent as before. He also showed that 
the residue obtained from evaporating large quantities of tap Mrater is not 
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radioactive* Adams considers that these results can only be explained by 
assuming a continuous production of a radioactive emanation in the water. 

These observations of Thomson and Adams appear to lend considerable 
support to the suggestion that much of the radium emanation found in 
various waters may be leally due to ionised gases formed during the natural 
decomposition of organic matter through the action of micro-organisms. In 
such a case "continuous ionisation'* would be a natural result, but the 
residue, after evaiKjration to dryness, would not be likely to yield any 
ionising power, as it would not provide suitable conditions for bacterial life. 

It may be jwinted out that in the account of these experiments there is no 
mention of their being carried out in such a manner as to exclude bacterial 
contamination. Boiling would kill all the micro-organisms actively living 
in the water, but not necessarily those in the spore stage, some of which 
would probably survive and germinate when the conditions once more 
became favourable. In certain special cases boiling is even of positive 
advantage. Miquel(ll) has shown that during the process of boiling certain 
toxins inimical to bacterial life are destroyed, and this is further supported 
by the experiments carried out by the Massftchusetts State Board of 
Health (12), which show that the power of multiplication of certain bacteria 
is increased enormously in water which has been boiled. 

While it is also thoroughly established by the experiments of Meade Bolton 
and others (13) that certain water bacteria possess the remarkable power of 
extensive multiplication in sterilised distilled water, these sixicial forms 
might not be present; and further, in the absence of organic constituents, one 
may presume that no ionisation would take place. Thus it is possible to 
account fur the fact that Adams found radioactivity regenerated in tap water 
but not in boiled distilled water. Unless special precautions were taken it is 
almost certain that tap water would contain many active bacteria after 
standing for some time, especially as this contains a small amount of organic 
matter. 

In this connection it is of interest to note that Satterly (14) has found 
that Cam water taken at Sheep's Green, which would presumably contain 
moi’e organic matter than Cambridge tap water, also contains twice as much 
radium, 

Joly (15) found a greater amount of radium at Valencia Harbour and at 
certain localities round the Irish coast than in the oj)eu ocean some miles 
from land. He also found that a part of the radium may be filtered from sea 
water which contains much organic matter and has been left standing for 
some weeks, and suggests that it is possibly precipitated by bacterial action 
in the decomposing organic particles. 



478 Pro£ Potter, Electrical Ejffieets accompanying the 

Satterly (16) has fouud that marsh gas (CH*) ooileoted iu the Cam and 
ditches around Cambridge is radioactive. It is signifloant that. marsh gas 
is one of the products arising from the decomposition of vegetable matter 
through the action of bacteria. 

The question of atmospheric ionisation has also been the subject of many 
investigations, since Elster and Geitel demonstrated the presence of radio- 
activity and ionisation in the atmosphere, and the source of this ionisation 
has been much studied. These authors, and later Satterly (17), have shown 
that air sucked up from the earth is ionised, and it is generally admitted that 
the ionisation of the air is due to ionised gases escaping from the soil or from 
water. 

The influence of meteorological conditions upon the amount of atmospheric 
ionisation does not at present seem to be very conclusively established. 
Satterly (18) failed to demonstrate any definite connection between the 
variations of the barometer and the variations of the ionisation, though some 
of his observations point to the fact that the ionisation increases with a 
falling barometer unless accompanied by wet weather. On the other hand, 
Eve (19) has shown that the emanations increase iu amount during cyclones 
accompanied by heavy rain or rapid thaw and decrease during anticyclones 
with dry weather and, in winter, low temperatures. He explains that 
diminishing pressure causes radium emanation, together with other gases, to 
escai>e from the ground, and that the moistening of the soil through rain and 
melting snow promotes the liberation of these gases. On tliis point it may 
be noted that, when estimating the bacteria in the Rivers Thames and Lea, 
Frankland (20) found that during rainy weather the number of bacteria 
increased enormously as a consequence of the washing of organic matter from 
cultivated land into the rivers, and hence these micro-organisms were much 
more numerous during the rainy winter months than iu those of the dry 
summer. Parallel results have been obtained from similar investigations of 
other rivers. It is also to be observed tliat the conditions of sudden warmer 
temperatures with heavy rainfall noted by Eve for the promotion of radium 
emanation in the atmosphere are also those which favourably influence the 
activity of bacterial life. 

Here again it seems a reasonable hypothesis that part at least of the 
atmospheric ionisation may be due to ionised gases escaping from the 
putrefying organic matter present in the soil and water. It has been 
recognised tliat the radium emauatiou by no means accounts for the whole 
production of ions iu the air, and Satterly's (18) experiments bring him to 
the conclusion that only a small proportion of the natural ionisation of the 
air is due to the presence of radium emanation and its products.” 
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Eefereiice may here be made to a former paper (3), in which it was shown 
that in the case of fermenting glucose separated by a membrane from non- 
fermenting glucose, the former was negative (zincative) with respect to the 
latter and also that this proposition was true with regard to putrefying 
organic matter. From this it may reasonably be inferred that decaying 
organic xnatter may have an influence upon the electric potential of the earth's 
surface, at least in its immediate vicinity. 

Though it has not been possible so far to determine quantitatively the 
ionisation derivable from the activity of the yeast cells nor to give any 
indication of the relative importance of the processes of ionisation passed in 
review, yet sufficient evidence has been adduced to establish the fact that 
fermentation gives rise to ionised gases. Many observations also seem to 
support the conclusion that some of the ionisation effects noted in the air 
and in tiie gases derived from water and the soil may be traced to the 
natural decomposition of organic matter. I venture, thereft)re, to set forth a 
plea that biologic forces should Ije taken into consideration in seeking the 
sources of natural ionisation. Nothing is yet known of the possible electrifica- 
tion of the air through the metabolic and physiological activities in plants, 
and the putrefactive processes alone throughout the whole realm of nature 
may represent a potent factor in the production of ions and play a part in the 
cloud and mist formations and other manifestatious included in the phenomena 
of electrification. 

The occupation of Armstrong College by the military and its conversion 
into the Northern Base Hospital in August, 1914, put an end to any further 
research in my laboratory, and I regret that there has been no opportunity to 
complete some other work which I had intended to carry out, and many 
problems connected with this investigation must await further elucidation, 

Snmrna't'i/. 

The COjj liberated during fermentation of glucose through the action of 
yeast carries both positive and negative ions, and the suggestion is offered 
that the gases set free during the putrefaction of organic matter ore also 
ionised. 

Part of the ionisation of the atmosphere may be attributed to the presence 
of such ionised gases escaping from the soil and water, and it may be assumed 
that putrefactive processes in nature exercise an important influence upon 
various electrical phenomena. 
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The Effect of Temperature on the Hissing of Water when Flowing 
through a Constricted Tube, 

By Sidney Skinner, M.A., and F. Entwistde, B.Sc. 

(Communioated by Dr. W. N. Shaw, F.E.S. Eeceived May 20, 1915.) 

The tensile strength of liquids has been the subject of study under two 
different conditions, the first of which may be called the statical condition, 
and was used by Berthelot* and Worthington,! and more recently by 
H. H. Dixon.J In this method some liquid, at rest* in regard to the walls of 
the containing vessel, is submitted to a stretching force. The second 
condition, in which the liquid is moving in relation to the walls of the 
vessel, and is at the same time submitted to a stretching force, has not 
been studied in detail. Osborne Keynolds has given a general description 
of the phenomenon, which is of common occurrence. When a liquid is 
flowing through a pipe of varying section, at the constriction the velocity 
may be so high that the corresponding diminished pressure in the liquid is 
sufficient to break it. This was the subject of his paper read before the 
British Association at Oxford, 1894. He regarded the effect as a boiling of 
the liquid under diminished pressure, just as boiling may be produced in 
warm water by removing the surface pressure. The experiments about to 
be described suggest that tlie phenomenon in the constricted tube is a true 
tensile rupture produced in the moving liquid. 

Osborne Eeynolds describes his experiment thus : “ Take a glass tube, 
say, i inch internal diameter and 6 inches long, and draw it down in the 
middle so as to form a restriction with easy gradual curves so that the 
inside diameter in the middle is something less than 1/10 inch, leaving the 
parallel ends of the tube something like 2^ inches each. And then connect 
one of these parallel ends by flexible hose to a water main which is controlled 
by a tap. Then, on first opening the tap, the water entering from the main 
will fill the tube as far as the restriction, and pass through the restriction, 
but it will not, in the first instance, of necessity fill the tube on the far side 
of the restriction. If the water is turned on very slowly and the open end 
of the tube is inclined upwards, then the water will accumulate and fill the 
tube, displacing the air. But if the water is turned on sharply so that 
when it reaches the neck it has a velocity of 40 or 50 feet a second, the 

* Berthalot, M., * Ann. de Phys. et de Chinu* (1850). 

+ Worthington, A. M., ‘Trans. Boy, Soc./ London {1892). 

t Dixon, H, H., * Transpiration and the Ascent of in Plants' (1914)* 

VOL XCl.— A. 2 Q 
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water after passing the nunimum section will preserve its velocity and 
shoot out as a jet from a squirt, not touching the sides of the glass, while 
if the open end of the tube be held downwards the water, whatever the 
velocity, will, after passing the restriction, run out of the tube without 
filling it. 

In neither of these cases is there any hiss or sound except such as is 
caused by the free jet passing through the air. 

** But on holding the open end of the tube upwards and quietly filling 
both limbs of the tube by opening the tap very quietly, and then turning on 
more water, the water will not shoot out in a jet but will come out like any 
other stream — as it might do if there were no restriction. 

“ At first, while the velocity through the neck is below 50 feet per second, 
there is no sound, but as soon as a velocity of 54 feet per second is attained, 
or a little more, a distinct sharp hiss is heard — exactly resembling that of 
the kettle or the hiss of the water through a tap/* 

If this phenomenon was the simple boiling of the water it is evident that, 
if the water were raised to 100® C. and then passed through such a tube 
the hissing would occur with practically no velocity. This critical point of 
hissing has been studied with water and with certain other liquids. The 
first experiments were with tap water. 

In order to have a large supply of hot water to force through a constricted 
tube a 2-gallon can was taken and a tubulure was fixed in the base which could 
be connected with the high-pressure water supply, and a second tubulure was 
attached near the top of the can, to which could be attached a constricted 
glass tube, the ordinary mouth of the can being closed with a wired-on cork, 
carrying a brass stopcock. The high-pressure water supply was fed by a 
cistern about 70 feet above the level of the apparatus, so that the pressure 
could be of any value up to 70 feet of water. The constricted glass tube waa 
bound on to the upper tubulure of the can by means of a rubber and wire. 
The can was placed on a tripod and could be heated from below. The 
investigation of the velocity required to give the hiss was made by raising the 
water in the can to the required temperature, closing the tap at the top of 
the can, and then forcing that bulk of warm water through the constriction 
by turning on the tap connected to the high-pressure supply. When the 
pressure had been adjusted so as just to get the hiss at the constriction the 
velocity of the stream was measured by collecting the water which flowed out 
in a given time. The temperature of the water was obtained either by 
plunging a thermometer into the collected water, or by arranging the 
thermometer in the escape tube so that the temperature of the escaping 
stream was observed. The results, which are given in the following Table, 
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were plotted in diagrams which showed the mass of water passing in a fixed 
time against the temperature; when these points were examined it was found 
that they could be represented in general by straight lines. 

These straight lines when prolonged cut the axis of temperature at a point 
which, if the mean of the above observations to be taken, is 328° 0., or, in 
other words, they appear to cut the temperature axis at a temperature which 
is approaching the critical point of water, 365®. In this they resemble the 
temperature coefficient of surface tension. This result at once indicates that, 
in the case of water, the phenomenon of the hiss would apparently cease near 
the critical temperature of the water — a result which might be expected if 
the view is taken that the critical temperature is the tomi^emture at which 
the tensile strengtli is zero. It c^ertainly is against the view, which was put 
forward by Osborne Reynolds, that the phenomenon is ordinary boiling. 

When a calculation is made to find the critical velocities of flow, ‘Vising the 
formula = 1000 ??/ pr where ri is the viscosity, p the density, and r the radius 
of the constriction at the smallest section, 0*076 cm. in the case of the tube 
used in many of these experiments, it appears that the observed velocity in 
these experiments is always greater by far than the critical velocity. This 
result would show that the flow is not the orderly flow of stream-line motion, 
although on the inflowing side of the constriction owing to the trumpet shape 
of the constriction it may be flow of this character, and the turbulent portion 
may be confined to the outflowing portion of the stream. These considera- 
tions have led us to be cautious in applying Bernouilli's formula, by which the 
fall of pressure at the constriction might have been calculated. If this had 
been justifiable an estimate might have been obtained of the actual negative 
pressure to which the water was exposed. 

When the experiment is working properly the bubbles formed at the con- 
striction are extremely small, and give the stream a cloudy appearance. 
When the temperature of the water is high, nearing that of the ordinary 
boiling point, on some occasions large bubbles were formed, breaking up the 
hot stream. These bubbles were like those of ordinary boiling, and it is 
probable were formed when the stream coming from the hot tank where the 
water was under pressure bursts into boiling, somewhat after the manner of 
a geyser. The water may have been superheated to a slight degree when this 
was observed. If it had been possible to maintain in the apparatus some 
slight back pressure this might have been prevented ; but it was not possible 
with the apparatus at command. 

The conclusions to which the experiments lead are : 

1. That the phenomenon of hissing of water passing a constriction is due to 
a true rupture of the stream at the point where the pressure is lowest. 
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2. That the teuiperatures at which the hissing just occurs, between 0° and 
100® C*, follow a law which may be expressed 

where V is the velocity of the stream at a temperature t, 6 the critical tem- 
perature of water, and C a constant. 

Experiments are being continued with other liquids, but the form of 
apparatus has to be modified with them, and we are not yet satisfied that the 
new form reproduces the required conditions. 


Ionisation Potentials of Mercury, Cadmium, and Zinc, and the 
Single- and Many-lined Sj^ectra of these Elements. 

By J, C. McLennan, F.RS., and J. l\ Hendekson, University of Toronto. 

(Received May 28, 1915.) 

[Plate 6.] 

L Introduction. 

In a paper by Frank and Hertz in the ‘ Phyaikalisclie Zeitsohrift/* these 
investigators have shown that the minimum energy recpiired to ionise an 
atom of mercury is that acquired by an electron in passing through a fall of 
potejtitial of 4'9 volts. These writorvS have also shown in a later communica- 
tionf that when heated mercury vapour is traversed by electrons possessing 
energy slightly above this amount the vapour is stiniulatcd to the emission of 
the single spectral line \ = 253672 A.U. This result constitutes a new and 
most interesting application of the quantum theory, for it will be seen that in 
the relation Ve = hv, where h = 6*6 x 10"^ erg sec., 4*9 volts is tlie potential 
fall which corresponds to the frequency v of the lino \ = 2536*72 A.U. If 
the relation just pointed out be applicable generally to all the elements it 
follows that if the vapour of an element can be shown to be capable of 
exhibiting a single-line spectrum, the frequency of this single spectral line 
may be used to deduce the minimum amount of energy required to ionise the 
atoms of that element, 

With the object of establishing such a generalisation, if possible, some 
experiments were recently made by the writers, and it has been found that 

* * Verb. d. I). Phys. Ge*.,' vol 10, pp. 457-467. 
t * Verb. d. D. Phys. Ges./ vol. 11, p. 612. 
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the vapours of cadmium and zinc as well as that of tnorcury can be stimulated 
to tlie emission of single-line spectra when traversed by electrons posseesing 
the requisite amount of energy. With cadmium vapour the wave-length of 
the line constituting this single-line spectrum is X = 3260*17 A, XJ., while that 
of the single-line spectrum of zinc vapour is X 3075*99 A.U. By the 
quantum tlieory it follows then that the minimum ionising potentials for 
cadmium and zinc vapours are respectively 3*74 volts and 3*96 volts, 

II. Apparatus. 

In carrying out the experiments the form of arc used is that shown in 
fig. 1. 


H . , K 



Fm. 1. 


The apparatus* consisted of a tube of fused quartz possessing three anas 
E, S, and MN, and a receptacle L, Some of the metal to be used in the arc 
was placed in the receptacle L, and two rods of the same metal FE and DC 
were attached to two wires and these latter were in turn fastened to two 
brass plugs, A and B, which were sealed into the tubes li and S with mastio 
wax. A small piece of sheet platinum was attached to two wires which 
constituted the heating circuit and these were sealed with platinum wire into 
a glass tube PQ at Hand K. The. open end of the glass tube PQ was ground 
so as to fit exactly into the end of the quartz tube MN as shown in the 
diagram. The arms MN, E, and S were each about 40 cm, long, and it was 
found with tliis length that when the receptacle L was strongly heated with 
a Bunsen burner the wax joints at A and B and the ground one at the end 
of the tube MN remaiued quite csool. 
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In the experiments the plate G was coated with a thm layer of either 
calcium oxide or barium oxide. When the tube was in operation the 
terminals of an auxiliary heating circuit wex'e attached at H and K, B and K 
were joined by a wire and the arcing voltage was applied between B and A, 
the latter being the positive terminal. With this arrangement G and D 
constituted a double cathode. The tube was highly exhausted with a Gacde 
mercury pump through a glass tube which was sealed into an opening in the 
brass end-piece at A. 

In taking photographs the plate G was brought to incandescence by means 
of the auxiliary heating current, the metal in L was strongly heated with the 
flame of a Bunsen burner so as to keep the plate G sun'ounded with the 
vapour of the metal, and the collimator of a small spectrograph with a quartx 
train was directed at the incandescent plate G. A short tube of asbestos was 
attached to the quartz tube directly in front of this plate, so that the 
radiation from the arc passed through it to the slit of the spectroscope. This 
arrangement was found necessary in order to cut off the radiation from the 
Bimsen flame itself. It should be noted that iu studying the radiation from 
mercury vapour the electrodes CD and FE were simply stout iron wires. 

111. Chardcteristics of Arcs of the Different Metals, 

With the arrangement just described it was found that when the direct 
current 110-volt circuit, with suitable resistances in series, was applied to 
the terminals A and B, and the plate G brought to incandescence, strong 
arcs could be maintained for hours with all throe metals. With the 
220-volt circuit applied the arcs of all three metals could be made most 
intense, and could also be maintained for long periods. With the 220-volt 
circuit it was found that, when the arc wm once struck, it could be easily 
maintained for a considerable time without the continued use of the 
oxy-cathode G. With low voltages, however, it was always necessary to 
maintain the plate G at incandescence in order to keep the arc established. 

In commencing the investigation efforts were first directed to ascertaining 
the minimum voltages which should be applied between G and E in order to 
produce wlxat may be called the many-lined spectrum of the different 
metals. These spectra are shown in the upper parts of figs, 2, 3, and 4, 
With mercury a difference of potential 12*5 volts was found to be necessary, 
with zinc 11*86 volts, and with cadmium 16*3 volts. With differences of 
potential below these respective values, but above 3 volts, it was found that 
the only spectrum which could be obtained for each of the metals was one 
which contained but a single line. Illustrations of these single^^lihe spectra 
are shown in the lower portions of figs. 2, 3, and 4. 
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That for mercury, and ahown in fig. 2, X, » 2536'72« was obtained with an 
arcing potential difference of 9 volts, with an exposure of two home and 
a^half. This single-line spectrum was also obtained with a potential fall of 
6 volts, but it was only just visible on the plate with a five-hour exposure. 
With 3 volts and a five-hour exposure the line was not obtained. The 
continuous white baud shown on the left of the spectrc^am was due to the 
incandescent platinum. The line X = 3075'90 A.XJ„ shown in the lower 
spectrogram of fig. 3, was obtained with zinc vapour, with an arcing 
potential of 10*6 volts, with au exposure of three hours. According to the 
quantum theory relation, \€ = hv, this line should have been obtained with 
any potential difference above 3*96 volts, but no attempt was made with this 
element to ascertain with any exactness the least potential difference with 
which the line could be brought out. 

The line X = 3260*17 A.U., shown in the lower spectrogram of fig. 4, was 
obtained with cadmium vapour, with an arcing potential difference of 
13*6 volts. With an arcing potential of 3*4 volts and a three-hour 
exposure no trace of the line was obtained with this element. With this 
metal, as with zinc, no special effort was made to determine with any 
exactness the least potential difference which would bring out the line. 

iV. JJiscimion of Remits. 

The investigation thus far has shown that it is possible to obtain spectra, 
each consisting of a single spectral line, with mercury, zinc, and cadmium 
vapours. To obtain tliose single-line spectra arcing potentials must be used 
which are lower than 12*5 volts, 11*86 volts, and 16*3 volts, which values 
have been found to be the minimum potential differences required to bring 
out the many-lined spectra for mercury, zinc, and cadmium respectively. 
From the work done with mercury, it would appear that the range of 
voltages which will bring out a single-line spectrum for an element is a very 
definite one, and extends from the, potential difference corresponding to the 
frequency of the line given by the quantum theory to the potential 
difference which brings out the many-lined spectrum, 

A point which should be mentioned in connection with this work is that, 
to bring out these single-line spectra, it was found that the best results 
could be obtained only when suitable vapour densities were used. The 
light corresponding to the lines in the single-line spectra of the three 
elements is known to be strongly absorbed by the respective vapours, and, if 
vapours of too great density be used, then tlie lines do not come out on the 
plates on account of absorption. On the other hand, if the vapours b^ top 
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me, the iiiten^ty of the light ie fio weak that photographic traoea of the 
lines cannot be obtained without extremely long exposures 

In attempting to offer an interi)retation of the following facts: (i)that, 
single-line spectra can be obtained with mercury, zinc, and cadmium vapours 
with a definite range of arcing voltages, (2) that the many-lined spectra for 
these elements are also obtainable with definite minimum arcing potential 
differences, and (3) that the conditions for obtaining these two classes of 
spectra are sharply differentiated, one cannot as yet speak with certainty. 
It will be recalled, however, that Sir J. J. Thomson,* in his work with 
positive rays, found that it was possible to ionise an atom of mercury in two^ 
and only two, definite ways, that is, by removing either one electron from the 
atom or by removing eight of them. An obvious interpretation of his dis- 
covery would be that if an atom consists of a positive nucleus with one or 
more rings of electrons revolving about it, then the mercury atom may be 
supposed to have eight electrons in its outer ring, and that ionisation 
consists either in the removal of one electron from the atomic system or else 
in the removal of the whole eight electrons which constitute the outer ring. 
This may be taken to indicate that one can remove one electron, but only 
one, from the outer ring without completely destroying its stability. This 
explanation would fit in with the results described in the present pai)er, and 
it would seem, therefore, that the energy inquired to remove an electron 
from mercury, zinc, and cadmium atoms is that possessed by an electron 
which has passed through a fall of potential of 4*9 volts, 3*96 volts, and 
3*74 volts respectively. To remove the outer ring of electrons from the 
atoms of these three elements the energy necessary would be that acquired 
by an electron under potential difierences of 12*5 volts, 11*85 volts, and 
15*3 volts respectively. The single-line spectra could then be explained by 
supposing that they had their origin in the recombination of the singly 
ejected electrons with the parent atoms, and on this view the explanation of 
the production of the many-lined spectra referred to above would be that 
they have their origin in the radiations emitted in the re-establishment of 
the complete outer ring of electrons in the atoms from which they had been 
removed. 

In considering the probable range of wave-lengths covert by the many- 
lined spectra of the three elements, it may he pointed out that if tlie quantum 
tbeoiy be applicable the relation Vs =b combined with the niimmum 
voltages which produce the spectra, enables one to calculate their upper 
limiting frequencies. 

* 8ir J. J, Thomson, ‘Bays of Positive Electricity and their Application to Chemical 
Analysis,’ p. 49. 
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With the values 12*5 volts, 11*86 volts, and 15*8 volts, it follows that the 
shortest wave-length in the many-lined spectrum of mercury should be given 
by X = 975*3 A.U., while that in the spectruhi of zinc should be given by 
X = 1281*8 A.U., and that in the cadmium spectrum by X = 797 A.U. 

It was pointed out by Paschen^ in 1909 that the emission spectra of 
mercury, zinc, and cadmium should include a series of single lines repre- 
sented by p = 1*5, S— P. The limiting wave-lengths* for these series are 
for mercury X = 1188 A.U., for zinc X = 1320 A.U., and for cadmium 
X = 1378*7 A.U,, which values it will be seen approximate to those calcu- 
lated by the application of the quantum theory. The actual existence of the 
series lines represented by v = 1*5, S— m, P, was demonstrated by WolfiPf 
some two years ago, and members of the series were picked out by him as far 
down as X = 1402*72 A.TI. for mercury, X = 1376*87 A.U. for zinc, and 
X 5= 1423*23 A.U. for cadmium. 

At present there appears to be no evidence of the existence of lines in the 
arc si)ectra of these three elements of wave-length shorter than those given 
by the relation v ^ 1*5, S—w, P, so’ that it may very well be that the limiting 
lines of these series represent the limiting ones of the spectra arising from 
disturbances set up in the outer ring of electrons in the atoms of mercury, 
zinc, and cadmium. 

The arcing voltages used by Wolff were higher than the lowest ones found 
by the writers in the present investigation to be capable of producing the 
many-lined spectra, but in all prol>ability such higher voltages, while adding 
to the intensities of tlie lines obtained, would not add anything to the possible 
number of lines obtainable, unless these voltages were sufficiently great to 
produce disturbances in rings of electrons closer in to the nuclei- of the atoms 
than the outermost ones. That disturbances in the inner rings of electrons 
ai^e possible seems to be proven by the existence of Kontgen ray and 
‘ 7 -ray spectra. It would have been interesting to see if the series of lines 
yfl=l*6, S— w/, P, predicted by Paschen and discovered by Wolff, were 
obtainable with voltages so low as those used in the present investigation, 
but, owing to the lack of a vacuum grating spectroscope, experiments to 
investigate this point could not be carried out by the writers. 

It should be pointed out that the lines X = 2536*72 A.U., X 3076*99 A.U. 
and X=:= 3260*17 A.U. are respectively the first members of Paschen'sJ com- 
bination series 2, S for the elements mercury, zinc, and cadmthm. 

* Pa«chen, * Ann. der Phys.,' vol. 30, p, 746 (1900), and vol 35, p. 860 (1911). 

+ Wolff, < Ann. der Fhya.,» vol. 42, p. 826 (1918). 

J Paschen, loc. cit 
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V. Sumy^mry of EmUtB. 

1. It has been shown that a spectrum consisting of a single line is obtainable 
for mercury, for zinc, and for cadmium. 

2. The wave-lengths of these lines are Idv mercury X 25:30*72 A.U., for 
zinc X = 3076*99 A.U., and for cadmium X = 3260*17 A.U. 

3. The niininmm ionisation potentials for mercury, zinc, and cadmium have 
been shown to bo 4*9 volts, 3*74 volts, and 3*96 volts respectively. 

4. Some considerations have been j>resented which support Sir J. J. 
Thomson's theory of the two type ionisation of atoms of mercury, and others 
which suggest that the theory is applicable as well to the ionisation of atoms 
of zinc and cadmium. 

6. The minimum arcing potential differences which will bring out the many- 
lined spectra of mercury, zinc, and cadmium vapours were found to be 12*6 volts, 
11‘8 volts, and 15*3 volts respectively. These voltages are also probably the 
minimum ionisation potentials of the second type for the atoms of these three 
olements. 

6. Considerations have been presented which suggest the possibility of 
analysing the spectrum of an element in such a way as to enable one to 
< 5 orrelate different portions of the spectrum with distiirbanoes in definite 
portions of the atomic structure of that element. 

The writers, in conclusion, wish to acknowledge their indebtedness to 
Mr. P, Blackman for assistance in tiiking the photographs and to Mr. F. Mezen 
for his help iii blowing the quartz tubes. 
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On the Partial Correlation Ratio. 

By Kakl PeaBSON, F.RS. 

(Received May 31, 1915.) 

(1) In a i)Rper communicated to the Royal Society in 1903* I gave very 
briefly in a footnote the properties of the coTrelation ratio. These properties 
were discussed more at length in my memoir, “ On the General Theory of 
Skew Correlation and Non-linear Regression, "’f published in 1905. The 
two papers dealt only with the total correlation ratio , or the relation between 
two variates without consideration of any other correlated variates. The 
introduction of the correlation ratio enabled the measure of the relationship 
between two variates to be expressed by a single number, measuring its 
total intensity, in cases where the regression line was of any form. The 
ratio passed into the usual correlation coefficient when the regression line 
became straight. This correlation ratio has boon generally accepted by 
statisticians as a useful measure of relationship in cases of skew correlation 
and non-linear regression. Shortly after the appearance of the above 
memoirs I generalised this coefficient in a manner comparable with the 
generalisation of the coefficient of correlation, namely, by the definitions of 
the imdti'ph correlation ratio and of the partial correlation ratio. These 
ratios correspond to the multiple correlation coefficient and the partial 
correlation coefficient in multiple linear regression. Their importance is 
very considerable, as they enable us to measure the intensity of association 
between two variates when other correlated variates are considered as 
constant without any assumption that the regression is linear, still less that 
the frequencies follow the normal (or Laplace-Gaussian) surface. I hod not 
intended to discuss the results of the present paper before the probable 
errors had been provided, but the recent revival of interest in skew regression, 
and its fundamental importance in all higher statistical inquiry, jiistifiee, at 
least, the pxiblication of those formulaj which are fundamental to the subject. 

(2) I deal first witli the problem of three variates, although the extension 
to any number is not hard to make. 

Let these three variates be a;, y, and z ; further, let the symbol signify 
the partial correlation ratio of y on x for a constant as. Similarly, 
signifies the partial correlation ratio of x on y for a constant z, 

♦ * Roy, Soc. Proc.,' vol. 71, pp, 303-4. 

t Mathematical Contribuiiozta to the Theory of Evolution,” XIV, * Drapers’' 
Company Beeearch Memoirs ’ (Cambridge University Press), 



On the Partial Correlation Ratio, 493 

If we take for a given value of z, say Zp^ the corresponding a?, y population 
we can determine in the usual manner the special correlation ratio of y on a: 
for this selected population. It may be represented by then by 

definition of a correlation ratio : — 

Here the subscript Zp affixed means Umitabioa to the population of x and y 
selected by giving z the constant value Zp. Thus is the whole frequency 
of such a population, the mean value for such a population of the array 
of y's corresponding to a given the standard deviation of all //s in such 

a population. The summations S^, Sy are also to be for this limited field, 
while z^>^xy is any cell frequency x, y iu the same field. 

I now define my partial corrclatioa coefficient by stating that 

(1— X mean value of z/^y^ shall be taken as tlie weighted mean of 
such expressions as O^z^v^.x) for all values of z. But the mean 

value of zpO^y — <Ty^0^v\.z) by definition, Hence, 

(I ^xy^y*x) (I ^y^ — s, (I t^v^y.x) zp^y^} l^i 

if N be the total population, 

Now z^% is cle^irly the mean value of y for the group of y’s corresponding 
to a constant z and x, and may be written yzx ; we may accordingly read our 
triple summation as 

Sf SxSy {'/ijyx (,y y "h y fhzY } / N = S^SxSy { iixpz (y — [fY } / N 

+ SxSxSy { nxyz ““ ?7zJr)^} /N -f" 2 S^&xSy { ^ ffzx) } /N. 

The first of these sums is clearly In tlie third of these sums the factor 
changing with y is y), and summed for y this equals 

^y{^ryx(y-^)} = rhz(yxz-y)- 

Hence the third sum equals 

-2SxSx {nxxiy-yxzY}/^, 

which is precisely double the second Bum after summing for y. Thus our 
triple summation 

== V— SxSx {^z^(y-yrJ-*}/N. 

1 write the last summation 

H»y.,xV. 

Hy.jM is comparable with fiy,x] it is the correlation ratio — not of y on 
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arrays of a, but of y on arrays of x with It must be carefully distinguished 
from which is a true partial correlation ratio. We have, 


or 


^2 

zv y*» 


To test this result suppose the regressions to become linear, then 
becomes the correlation coefficient and Hy.ar, becomes Ky,«, the multiple 
correlation coefficient between y and x with z, which is well known to be 
given by 


Hence 


or 




y>xx 


JB. 




l-r*x 


yx! yg' zz 


'I^uz + r^y^— 2 ryjryzr„ . 

— 1 I'^xz ^ 


l-r». 


»* 


zVy>x 


^ Oyx ^xzrysy 

~ (1 — r*y*)(l— r®*.)’ 
— ^yx*^^xz^yz 


that is to say the partial correlation ratio becomes in this case, as it should do, 
the partial correlation coefficient. 

Hy.„ is a multiple correlation ratio,” just as Ey.„ is a ** multiple corre- 
lation coefficient.” Just as the partial correlation coefficient can always be 
deduced from the formula 

I — 

so the '* partial correlation ratio ” can always be found from 

1 — T; y , , 

In tills lies the importance of the determination of the expressions for the 
value of Hy.«. 

If 0) and s be given by classes or categories and y be a quantitative variate, 
then Hy.„ can clearly be found from 

Tia _ SiS. {w*,(y — y*,)®} 

a,.„ 

and v^.x will also be ascertainable. 

For example, we might ask for the relationship between convictiips for 
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drunkenness per year of adult life and mental capacity lor a oonstant grade 
of health. The above formula for the partial correlation ratio in terms of the 
multiple correlation ratio was deduced by me some years ago as suitable for deal- 
ing with certain variates in criminology. It is laborious in use, owing to the work 
needful to evaluate numerically Hy.*, when the grouping is at all fine. Quite 
recently Mr. IsserUs, in a very valuable memoir,* has investigated some of the 
conditions under which the determination of Hy.x^ may be thrown back 
on quantities like riy,z, r^y, ry,, etc., which depend solely 

on paired variates, ie., on the “ marginal total tables ” of the correlation (or 
contingency) solid.” This is an important conception and corresponds to the 
expression of the multiple correlation coefficients Ey.^e in terms of the total 
coefficients r^y, ry^, 

(3) It is clear that the six partial correlation ratios xVz.yf yV*.xy 
y^7z.zi iVy.xf and fTfx.y are not independent, but connected with each other, pair 
and pair, and with the three multiple correlation ratios, Hy.xz, Hx.yx, 
by the equations, 

_ 1— Vy.j _ 1— H^y.xz 

1 — 1 V^y>x (1 '*7^y .z) (I z) 

1— z^*z.y _ 1— y»7^x.z _ 1—H^x. zy 

l-1?^x.y l-1/=»x.z " 


Thus the labour of calculating the six partial correlation ratios reduces ta 
that of finding the six total i/'s and the three H's or multiple correlation 
ratios. 

(4) In the usual notation 8 . 4 ...mn« represents the partial correlation 
coefficient of the first and second variates for constant 3, 4, m variates, 
and I4i.884..,m represents the multiple correlation coefficient of the first variate 
with regard to the combined 2, 3, 4 , m variates. If A be the determinant 


1, 


n», 

... nm 

^aii 

1, 

^38> 

... ^*am 


^aa, 

1. 



rmx> r«,8, ... 1 



wheire = r,/, is the correlation coefficient of the s and s' variates, and A« 


* * Biometriko,* vol. 10, pp. 391-411, 



496 


Prof. K. Peurson, 


be the minor of the oonstiluent t'he second minor of the con- 

stituents Tpg and Tp-g,, then it is well known that* 


34...m^‘ia = 


y/ (AllAjj) ’ 


1 — K^1.234...m = 


Thus we have 


1 — 84...mn2® 


Aii Aaa — Ai/ 

AuAaa 




But by a familiar theorem in determinants 

Aiiaa = (AnAi2— Ai/)/A, 

- m 

since the left-hand side is symmetrical in 1 and 2. By successive reduction 
we can clearly writej 

1 ^ 9 ^ 1 *23 ..»» 

84...m 12 „r,a») (1 (1 . . . (1 ’ 

which allows us to express the partial correlation coefficient of the (m— 2)th 
order in terms of the multiple coefficient of correlation of the (m— l)th 
order, and partial correlation coefficients of the (m— 3)th, (w— 4)th, 
(m — 6 ) 111 , .... and zero orders. 

Now practically identical formulte hold connecting the partial congelation 
ratio of tlie (m— 2)th order with multiple correlation ratios, except that 
1 and 2 are no longer interchangeable.^ We have, in fact 

1 ’ H.^1 . 23.„ih / /j\ 

1 — jtl*i.a4^..W 


l-84.,.mn2^ 


1-2 


or by successive reduction we deduce 

i 2 __ 


(7) 


* * Phil. Trans.,' A, voL 200, p. 10 (1002X Eqn, xxvii. 
t * JBiometrika,' vol. 8, p. 439, eqn. vi, 

t This result was first given by Yule, *Roy, Soc. Proc,,* A, vol, 79, p. 189 (1907), 
Eqn. (17), 

- § In skew regression , ,, is of course not equal to , ,,, although munerically both lie 
between and unity. 



On the OorreloAim Jiatio* 


Binoe on the left and in the numerator of the right any of the variates 
4 m, are interohazigeable without changing the values of the left-hand 
side or the numerator, it follows that an immense variety of forms can be 
given to the partial correlation ratios in the denominator. Further, no one 
of these partial correlation ratios can be perfect, equal unity, without 
the multiple correlation ratio Hi . being also perfect, and this remark 
applies to every multiple correlation ratio of a higher order, Le. if 
* (•-!) = 1 then will Hi « 1 , 1 ? being >s. 

It will be clear that our results («) for the partial correlation ratios of the 
first order are only very special cases of (^), or rather ( 7 ), above. 

To* demonstrate {0) is little more than a matter of the definitions of our 
high order partial correlation ratio and our multiple correlation ratio. 

By definition 

M ^ 


being the general mean of the first variate and xi . the partial mean 
for constant 2nd, 3rd, 4th, mth variates, whence we can deduce* 


1 _TT». ». _ 

1*30.. .m 

Ncr,» 

or (1 — Hi , a 8 .,*m) is the mean square standard deviation of arrays of xx for 
constant values of the fn — 1 other variates x$, xz, But we have 

originally defined i/x . j by saying that ai’* (1 — »?i . »*) shall be the mean square 
standard deviation of the arrays of the first variate which correspond to 
constant viilues of the second variate. Now let these arrays of the first 
variate be still further limited by being taken for constant values of the 3rd 
to the mth variates. Then consider the expression : 




where is the mean squared standard deviation of the first variate for 

constant 3rd to the mth variates. This by analogous definition is the mean 
squared standard deviation of the 1st on the 2nd variate for constant 3i'd to 
the mth variates, t. 6 ., for let on 2 nd to mth variate. 


Thus 

But clearly 


B ci*(l-^H*i,a8.„M). 
ai*(l— . »)» results 

■t **S4,, KiV 1*S -r- . 


‘ m 


^ XCt--A. 


* Isserlis, * B[ometrika»* vol. lOj p. SSaL 
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Indeed, the two theoTeme, that just given and the previons one, 


1 




are, verbally expressed, identities, the latter having relation to standard 
deviations measured from •planes in higher dimensioned space, i.e. to multiple 
" linear ’’ regression — and the former to standard deviations measured from 
curved surfaces in higher dimensioned space, ijs. to multiple " skew ” regression. 
The one theorem passes into the other as the skew regression surfaces become 
planes. 

Unfortunately while the rule for finding is quite simple, the 

arithmetic is very laborious. The next step in advance must be such a study 
of skew regression surfaces that we shall learn how to express the multiple 
correlation ratio in terms of total correlation ratios as we know how to 
express the multiple correlation coefficient in terms of total correlation 
coefficients. The first step in this direction has recently been taken by 
Isserlis in the memoir cited above. 


On a Spectrum Associated mth Carhon^ in Relation to the 
Wolf'Rayet Stars. 

By Thomas K. Merton, B.Sc. (Oxon.), Lecturer in Spectroscopy at University 

of I/)ndon, King’s College. 

(Communicated by A. Fowler, F.R.8i Received June 3, 1915.) 

[Plat* 7.] 

The comprehensive investigations of Campbell* have shown that the spectra 
of the Wolf-liayet stars contain in addition to lines due to hydrogen and 
helium, a number of lines which have not been identified with any spectrum 
which has hitherto been produced in the laboratory. Owing to the very 
diffuse character of the lines in the spectra of the Wolf-Rayet stars, accurate 
measurements of wave-length are impossible, and any identification of the 
lines with a terrestrial spectrum must, therefore, depend on the apparent 
coincidence of a relatively large number of lines with the spectrmn produ^ 
in the laboratory. 

* ‘ Astronomy and Astropbywcs,' vol. 13, jpi. 448 (1894). 
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Mi Wolf^ ha$ materially added to our knowledge in the more refrangible 
regiona of the apectra of these stars, but in the leas refrangible r^ons, few 
lines have been added to the list given by Campbell, In a recent investiga- 
tion, Wrightf has discussed the possible relations between the Wolf-Rayefc 
stars and the planetary nebulfe. 

In the spectra of these stars, the lines of the f Puppis series are very 
prominent, and from the high order of energy which is necessary to produce 
this series in tlie laboratory it might be expected that other lines in the 
Wolf-llayet spectrum would be found in the enhanced lines of some 
terrestrial element, 

Nicholson, J in his remarkable theoretical investigations of the spectra of 
the nebulfe and the Wolf-Ilayet stars, has concluded that the Wolf-Kayet 
spectrum is due to evolution products of the more simple atomic systems 
which are responsible for the nebular lines, and liis suggested arrangement 
of the lines in series, somewhat resembling those ordinarily found, would 
appear to strengthen the possibility of producing the Wolf-Rayet spectrum in 
the laboratory. 

The writer has recently observed a spectrum, apparently associated with 
carlKJB, of which the principal liiies would appear to coincide with some of 
the most conspicuous lines in the Wolf-Eayet spectrum. 

The spectrum was produced by passing heavy condensed discharges through 
vacuum tubes containing hydrogen at a moderately low pressure, and which 
were provided with gmphite or carbon electrodes. The electrodes consisted 
either of pencil leads, which had been heated to a white heat and subsequently 
treated with boiling nitric and hydrochloric acids, or thin rods cut from a 
a|«H;ially pure block of carbon and treated in the same way. The electrodes 
were attached to platinum wires, which were sealed into the vacuum tubes in 
the usual way. The tubes were exhausted by means of a Gaede mercury 
pump and a heavy discharge was passed during the process of exhaustion. 
Pure hydrogen was admitted by heating, in a Bunsen flame, a small palladium 
tube coixneoted with the vacuum tube. The gas thus admitted was pumped 
out, and this operation was repeated several times in order to wash out 
completely any trace of other gases from the tul>e. 

The vacuum tubes, when freshly prepared, showed only the spectrum of 
hydi’Ogeu with a trace of the Angstrom carbon oxide bands, but after running 
tiube for some time the hydrogen spectrum disappeared and nothing 
remain^ but a very brilliant epeotrum showing the Angstrom btods. At the 

♦ ‘Sit*. Heidelberger Akad. AbU. U and 22 (leiS). 
f ‘ Astit^hya. Journ./ voL % p 466 (1914). \ 

J See ‘ Monthly Notices, RA,S./ vol, 4, p, 340* 
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same time, carbon was deposited on the walls of the oaj^llaiy ; it was thus 
necessary to use end*on tubes for the speotroscopic observations. When 
excited by a condensed dischai^, with a spark<gap in the cirouit, the tabes 
showed the line spectrum of carbon and in the more refrangible region the 
multitude of lines, due to oxygen and the glass walls of the capillary, whieh 
appear in every low pressure vacuum tube excited in this way. 1116 most 
charaoteristic lines, however, were a group in the yellow-green. In Table I 
are given the principal lines in this spectrum. 


Table I. 


X. 

Inteniity. 

Bemarks. | 

t 

0583 

6578 

8 

9 

1 *' 
V Oharacteristio oarbon pair. 

5836-7 

8 

1 

; 

5812*0 

5 

1 

6801 *4 1 

7 

5694 *1 Angstrom and Xhal^n. | 

5096*0 1 

10 

5592*1 

8 

4661*6 

S 

j 

4060*4 



4647 *6 

j 10 i 

, t 

4267 

■ 1 

' 10 

Very strong oarbon line. ‘ j 


With the exception of the very charaoteristic carbon lines at XX6583, 
6578, and 4267, the lines included in this list are only those lines which are 
enhanced by very powerful discharges. Other lines recorded* as carbon lines 
were present, and also a pair at X5893 and a line at X60d8, which. 
Prof. Fowler informs me, have long been regarded as unrecorded carbon 
lines in the South Kensington laboratories. 

Lookyer, Baxandall, and Butler,t with similar conditions of powerful 
electric discharge, have observed the pair XX4660’8 and 4647'6 in vacuum 
tubes containing compounds of carbon, and have attributed these lines to 
carbon ; they have also drawn attention to the coincidence 6f this pair with 
lines in the spectrum of e Orionis, and have suggested that they may possibly 
also account for the line X4652 of the Wolf-Bayet stars. These lines ard 
undoubtedly identical with two lines given in the list 
A line has been recorded at X66d4'l in the speotrom of carbon by 
Ingstrbm and Tbal4n, but this line was not observed by Eder and Valenta 
or GTamont.:^ Thtd4n has recorded lines in the spectrum of aluminium at 

* EiiyMr*i ‘ Handbudi der Spektroaeoide.* 
t ' Boy. Soc. Proe.; A, vol. 8S, p. W* (19W). 

I -Kayner, loc, eit^ voL S, p. SSft. 
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XX6696'6 and 6692*5, but it ia extremely unlikely that these are identical 
with the lines observed in the vacuum tubes. Aluminium lines are a 
common impurity in the spectra of vacuum tubes excited by powerful 
discharges, the pair at W3961*7 and 3944*2 being generally present. This 
may be due to the aluminium electrodes which are usually employed, or to 
the alumina (usually about 4 per cent.) contained in the glass. The lines at 
X\5696 and 5592 could not be obtained from vacuum tubes provided with 
aluminium electrodes and filled in the manner described. Moreover, in the 
spectrum from the tubes with carbon electrodes, these lines were not 
accompanied by the line \6722 of intensity 10, which is given in Thaldn’s 
list of aluminium lines. The new lines are diffuse in character, and are 
therefore difficult to measure. 

It is dangerous to assume the origin of any lines obtained from vacuum 
tubes under tliese conditions of electric discharge, but it would appear 
justifiable provisionally to assign the lines observed to carbon, since it has 
not been found possible to obtain them in the absence of carbon. 

The new lines are best developed when the walls of the capillary are well 
coated with the carbon deposit, and are strongly enhanced by powerful 
discharges, relative to the ordinary carbon lines. This is especially true of 
the group at \\6827,’6812, 6801, which are scarcely visible with a weak 
condensed discharge. One may perliaps imagine a condition of still more 
powerful excitation, in which the spectrum of carbon would consist of the 
new lines, with faint linos at X\6583, 6678, and 4267 as the sole surviving 
representatives of the ordinary carbon spark spectrum, since these are its 
most characteristic lines. 

We may now compare these lines with the spectrum of the Wolf-Bayet 
stars. In Table II is given a list of Wolf-Bayet lines. It consists 
essentially of Campbell's (ioc, cti.) list, with the following modifications : — 

(i) All lines due to hydrogen or helium have been omitted. 

(ii) Two lines observed by Merrill* have been included. 

(iii) Wright (loe. cit.) has pointed out that the band \6813 appears to vary 
in position in different stars, and in the star B.D. -b 30*3639 oan be seen to 
be composite, having components at XX6801, 5812, 5828. These wave- 
lengths have been substituted for the line X5813 in Campbell’s list. 

In Golumn I are given the Wolf-Bayet lines, and in Column II, under 
** vacuum tube," lines in the spectrum provisionally asmgned to carbon. 

fbr the line given by Campbell at X4278, Wolf (loe, eit.) finds in the stars 
80*8689, 86*3956, and 85*4013 respectively the values XX 4268*1, 4270, and 
4269, a result which would mdicate the possibility of this line being identical 
* 'lick Observatory Bulletin,* vol. 7, p. 188(1913). 
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table II. 




I. 

11. 

i 

I. 

11. 


Wolf-Bnyet. 

Vacuum tube. 

Wolf-Bayet. 

Vacuum tube. 

K 



X. 





r 65831 

4616 



6583 


16678/ 

4696 



0548 



4555 



S84S 



4617 

Strong 


5828 

5812 

5801 

6813 Campbell. 
Yery atpong 

6826-7 

5812-0 

5801 *4 

4509 

4504 

4493 

Very strong 
Strong 


0098 

Very strong 

6696-0 

4480 



0698 

Strong 

6592*1 

4466 

Strong 

1 

0472 

Sti^ng 


4467 


i 

0884 



4442 

Strong 


0300 



4416 


0131 



4869 



4940 


V. I 

4334 



4787 



j 4318 





f 4651 *61 j 

i 4278 


4267 

4608 

Yery strong 

i 4660 -4 y i 

1 4260 




14647 -6] 1 

4228 



4086 

Strong 

1 

1 4063 

Strong 


4686 

Strong 



1 

1 


with the carbon line X4267. Oampbell’e (loc. cU.) reaults would appear to 
suggest a common origin for the lines XX 6813, 5693, 5593, 4650, which in 
almost every case occur together. On the other hand, the visual intensity 
curves of the spectra of different stars* show that the relative intensities of 
these lines vary considerably in different stars. Similar variations of intenaity 
can easily be produced in the linos observed in the vacuum tubes, the triplet 
at X4650 being produced with comparatively weak condensed dischargea 
The line X5696 is brought out with more powerful discharges, whilst the 
group XX 6827, 6812, 5801, is strongly developed only by the most intense 
discharges. It will thus be seen that a considerable proportion of the 
stronger Wolf-fiayet lines are apparently coincident with lines in the vacuum 
tube speotrum. It cannot be claimed that the identity of the spectra has 
been fully established, but the results would appear to warrant the suggestion 
that the Wolf-Rayet lines in question may postdbly be due to the same origin 
as the speotrum which has been described, and which is probably associated 
with carbon. 

I should like to expi'ess my best thanks to Prof. Fowler for the valuable 
advice which he has given me. 

In the plate. Nos. 1, 2, 3, 4, and 5 represent a series of the spectra obtained 
from a vacuum tube with successively increasing intensity of electric 

♦ Campbell, foe. eU., p. 7. 
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dwcbarge. THub No, 1 was obtaiued with an uncondeused discliatge and 
No. 6 with a heavy condensed discharge. No. 2, with a moderate condensed 
discharge, shows lines of the ordinary carbon spark spectrum with XX 4650 
and 5696. In No. 8, the X6813 group and X5593 are just visible, whilst 
No. 5 shows these lines with considerable intensity ; they are situated in a 
part of the spectrum to which the plates used are comparatively insensitive, 
and their photographic intensitiee are, in consequence, very small in com- 
parison with their appearance in visual observations. In the more refrangible 
region, which in the plate was necessarily over exposed, strong lines due to 
oxygen, etc., from the walls of the tul>e are visible. The use of a filter to 
counteract the sensibility curve of the plate was only partly successful. 


Hydrodynamiccd Problems SuggeMed by Pitot* s Tubes. 

By Lord Kayleigh, 0.M„ F.R.S. 

(Received June 5, 1915.) 

The general use of Pitot's tubes for measuring the velocity of streams 
suggests hydrodynamioal problems. It can hardly he said that these are of 
practical importance, since the action to be observed depends simply upon 
Bernoulli’s law. In the interior of a long tube of any section, closed at the 
further end and facing the stream, the pressure must be that due to the velocity 
(v) of the stream, i.e. p being the density. At least, this must be the 
case if viscosity can be neglected. I am not aware that the influence of 
viscosity here has been detected, and it does not seem likely that it can be 
sensible under ordinary conditions. It would enter in the combination 
where v is the kinematic viscosity and I represents the linear dimension of 
the tube. Experiments directed to show it would therefore be made with 
small tubes and low velocities* 

In practice a tube of circular section is employed. But, even when 
viscosity is ignored, the problem of determining the motion in the 
neighbourhood of a circular tube is beyond our powers. In what follows, 
not only is the fluid supposed frictionless, but the circular tube is replaced 
by its two-dimensional analc^ue, the channel between parallel plane 
walla* Under this head two problems naturally present themselves. 

The first problem proposed for consideration may be defined to be the flow 
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of electricity in two dimension®, when the uniformity is disturbed by the 
presence of a channel whose infinitely thin non-conducting walls are 
parallel to the flow. By themselves these walls, whether finite or infinite, 
would cause no disturbance, but the channel, though open at the finite md. 
is supposed to be closed at an infinite distance away, so that, on the whole, 
there is no stream through it. If we suppose the flow to he of liquid 
instead of electricity, the arrangement may be regarded as an idealised 
Pitot's tube, although we. know that, in consequence of the sharp edges, the 
electrical law would be widely departed from. In the recesses of the tube 
there is no motion, and the pressure developed is simply that due to the 
velocity of the stream. 

The problem itself may be treated as a modification of that of Helmholtz,* 
where flow is imajgined to take place within the channel and to come to 
evanescence outside at a distance from the mouth. If in the usual notationf 
zrszx iy, and w? ^ be the complex potential, the solution of 

Helmholtz's problem is expressed by 

( 1 ) 

or r = 008 , y .as \fr 4 .tf*sin>/r. (2) 

The walls correspond to ^ » ± w, wliere y takes the same values, and they 
extend from £C » — oo to y; = — 1. Also the stream- line s= 0 makes y =»= 0, 
which is a line of symmetry. In the recesses of the channel ^ is negative 
and large, and the motion becomes a uniform stream. 

To annul the internal stream we must superpose upon this motion, 
expressed say by -f i^fn> another of the form <f >2 + i^jru where 

In the resultant motion, 

so that ss: ^ -f Xy 

and we get 

0 = ^-h<^‘^^cos(^4y), 0 == (3) 

whence — <^ 4 logv/( 4 ‘^-|->|r®), y =r — i|r4tan*^(^/^) (4) 

or, as it may also be written, 

9 sz — M»4logUV (5) 

It is easy to verify that these expressions, no matter how arrived at, satisfy 

♦ ‘Berlin MonateW,/ 1608 ; ‘Phil. Mag.,’ vol, 36, p. 337 (1868). In tbk paper a new 
path was opened. 

t See Xismb’s ‘ Hydrodynaniice,' § 66. 
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the necessary conditions. Since x is an even function of and y an odd 
function, the line y «: 0 is an axis of symmetry. When ^ as 0, we see from 
(3) that sin y =« 0, so that y = 0 or iir, and that cosy and ^ have opposite 
signs. Thuawhen ^ is negative, ys=0; and when 4* is positive, y== ±7r. 
Again, when 4 is negative, x ranges from + oo to — oo ; and when 4> is 
positive X ranges from — oo to — 1, the extreme value at the limit of the 
wall, as appears from the equation 

dxfd(f} = = 0 , 

making 1, a;s=: — 1. The central stream-line may thus be considered to 
pass along y tss 0 from x^cc to x = — oo . At a; = — oo it divides into two 
branches along y =e + tt. Prom a:=-“op toa;=: — 1, the flow is along the 
inner side of the walls, and from tox==— oo back again along the 

outer side. At the turn the velocity is of course infinite. 

We see from (4) that when yfr is given the difference in the final values of 
y, corresponding to infinite positive and negative values of 4>> amounts to tt, 
and that the smaller is ^|r the more rapid is the change in y. 

The corresponding values of x and y for various values of 4>> for 
the stream-lines — are given in Table I, and the more 

important parts are exhibited in the accompanying plots (fig. 1). 


Table I 





i 

-i- 

1 *- 

- 1 . 

j 

. V . 

‘ 

X, 


1 

1 

i X. 

1 


-10 

12-303 

0 *2750 

12 *80 

0 *650 

12-31 

1*100 

- 6 

6 *610 ! 

0*8000 

6*614 

0 *600 

: 6*03 

1 *198 

- 8 

4 -102 1 

0 *8333 

4*112 

0*666 

4-16 

1 *822 

- a 

2 *701 1 

0 *8745 

2-728 

0*746 

! 2*80 

1*464 

- 1 

1 *080 ! 

0-496 

iin 

0*964 

1 -as 

1*785 

- 0 -60 

0 *081 , 

0*714 

0*168 

I *286 


1 

- 0*36 

1 - 0*790 i 

1 *085 1 

j 

— 

i — 1 


0*00 

; - 1 *886 ; 

1*821 I 

- 0*693 

2*071 

I 0-00 

2*671 

0*26 

1 - 1*290 1 

2*006 

— 

I — 

1 — 

— 

0*60 

- 1 ‘OSl i 

2*928 

' - 0*847 

2 ‘881 

i - 0*888 

8 *086 

1-0 

- 0*970 i 

8*147 

- 0*888 

i 3 *178 

- 0*668 

8*856 

2*0 

- 1*299 

8 *267 

-1 *277 

! 8 *897 

- 1*196 

8 678 

8*0 

- 1 *898 1 

8*808 

- 1*888 

3*477 

i — 

— 

4*0 

— 

, — 


— 

; - 2*664 

8*897 

6 0 

-8 *889 

8*842 

- 8*886 

3*642 

— 


10 O 

- 7*897 

8 *867 


— 

! - 7*692 i 

4*042 

20*0 

““ 

— 

— ! 

[ .w 

; - 17*00 1 

: . 1 

4*002 


In the second form of the problem we suppose, after Helmholtz and 
Kirohhoff, that the infinite velocity at the edge, encountered when the fluid 
adheres to the wall, is obviated by the formation of a surface of discontinuity, 
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where the condition to be eatiefied is that of oonetant pressure and velocity 
It is, in fact, a particular case of one treated many years ago by Prof. Love, 
entitled “Liquid flowing against a disc with an elevated rim/’ when the 
height of the rim is made infinite.* I am indebted to Prof. Love for the form 
into which the solution then degrades. The origin O' (fig. 2) of or z is 
taken at one edge. The central stream-line « 0 ) follows, the line of 
symmetry AB from = -f oo to ?/ = — qc . At y = — oo it divides, one half 
following the inner side of the wall CO' from yt=: -*oo to y = 0 , then 
becomes a free surface O'D from y = 0 to y = — oo . The connection between 
z and w is expressed with the aid of an auxiliary variable 0 . 


Thus 




= tan ( 9 — t logcoa ff. 

( 6 ) 



w = i sec* 0 . 

a) 

If we 

t put Uu 0 

~ f + we get 




w' = i (1 +f*— i7*+2»^), 


so that 


<#. = 4(i + f*-^*). t = 

(8) 

We find further 

■ (Love), 


Z sss 

f to- -j t..r‘ 




+ ilog{(l-i7)*+f*) 

( 9 ) 

SO that 

= 

f i tan-' ^ ^!_i + i tan-' j ’ 

(10) 


?/ = 

»?-i (!“-»?*)+ i log {(!-.,)»+ H 

(11) 


The stream-lines, corresponding to a constant yfr, may be plotted from ( 10 ), 
(11), if we substitute 2>/r/f for 77 and I’egard f as the variable parameter. 
Since by (8) 

<f> = i(i+e)--tve. = R+2vrVf. 

there is no occasion to consider negative values of and 0 and f vary always 
in the same direction. 

As I'egards the fractions under the sign of tan'^h we see that both ^^aIlish 
when f =x: 0, and also when f « 00 . The former, viz., 2^-^ 
at first *f when f is very small, rises to 00 when ^{l±v^(l — 10-^®)), 
which happens when but not otherwise. In the latter case the fraction 
is always positive. When the fraction passes through 00, there 

changing sign. The numerically least negative value is reached when 
P ^ i{^ (1 -f 48 ^) -*1}. The fraction then retraces its entire course, until 

♦ ‘Camb. Phil. Proc./ val. 7, p. 185 (1891). 
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it becomes zero again when f « oo . On the other hand the sedond fraction, 
at first positive, rises to infinity in all cases when i {\/(l+ 16 ^)— 1 }, 
after which it becomes negative and decreases numerically to zero, no part of 
its course being retraced. As regards the ambiguities in the resulting angles, 
it will suffice to suppose both angles to start from zero with f. This choice 
amounts to taking the origin of x at 0 , instead of O'. 

When is very small the march of the functions is peculiar. The first 
fraction becomes infinite when = 4 ^^ that is when f is still small. The 
turn occurs when = 12 and the coriesponding least negative value is 
also small. The first tan**^ thus passes from 0 to tt while f is still small. 
The second fraction also becomes infinite when f ^ =s 41 ^* 2 ^ there changing 
sign, and again approaches zero while f is of the same order of magnitude. 
The second tan"^ thus passes from 0 to tt, thereby completing its course, 
while f is still small. 

When yfr ^ 0 absolutely, either f or tj, or both, must vanish, but we must 
still have regard to the relative values of and Thus when f is small 
emughy ic 2= 0, and this part of the stream-line coincides with the axis of 
symmetry. But while f is still small, x changes from 0 to tt, the new value 
representing the inner face of the wall The transition occurs when 
f i; 2= 1, making in (11) y = — oo . The point O' at the edge of the 

wall {x =: TT, y ss: 0) coxTesponds to f = 0, 77 = 0. 

For tlie free part of the stream-line we may put 17 se 0, so that 


.T=f4“Jtan f — tan^^ f-f TT, 

(12) 

where tan“* f is to be taken between 0 and Jtt. Also 



( 13 ) 

When f is very great, 


.r =: f + iTT, y =2 -if*, 

( 14 ) 

and the curve approximates to a parabola. 


When f is small, 


It 

H 

1 

( 16 ) 


BO that the ratio (a?— 7r)/y starts from zero, as was to be expected. 

The upward movement of y is of but short duration. It may be observed 
that, while dxm is always positive, 




( 16 ) 


which ia positive only so long a« f<l. And when f = 1, 

x—ir as 1— Jtt SB 0'2146, y m — J+log2 * 0*097. 
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Some values of x and y calculated from (12), (13) are given in Table II, 
and the corresponding curve is shown in fig. 3. 


Table II. — = 0. 


i ^ 

! ' 



jr. 


i O'O 

1 8 ‘142 

0 

2*6 

4*461 

- 0 -671 

0*6 

! 8 *178 

+ 0*060 

8*0 

4-892 

- 1*098 

1 1*0 

i 8 * 8 W 

+ 0*097 

4*0 

6-816 

- 2 *688 ; 

1 31 'S 

3 *669 

+ 0-027 i 

6 *0 

6-768 

- 4-62 ! 

1 2*0 

i 

1 4 084 { 

1 

- 0*195 ! 

1 j 

20 *0 

21 -621 

- 97-00 1 

1 



It is easy to verify that the velocity is constant along the’ curve defined 
by (12), (13). We have 


and when yjr as 0, 

Thus 

and 


d® _ P df 
dif> l + 


d4> 2l + pd<f>’ 

d4>/d^ = if 

dv_l-P 


dz _ 2g 
# 1 + P’ 


d(f> 


(dx/di,)>+(dyld<t>y = 1. 


(17) 


The square root of the expression on the left of (17) represents the 
reciprocal of the resultant velocity. 
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Table III. — ^ » tV- 



X. 

i 

*** 



0 ■ 

0 

X 

0 *40 ! 

2 *9067 1 

+ 0*076 

0 05 

0 1667 1 

! 9 '008 

0 *60 

3 *0467 

0 *180 

0-10 

0 -ZOftS 

8 -< X )8 

0*60 

3-1089 

1 o-iea 

0*18 

' 0 -4668 

1*685 

0*80 

3 ‘2289 

! 0*198 

0 16 

D *6725 , 

0*766 

1 *00 

1 8*8464 

0 *207 

0*17 

1 ‘0868 1 

4 0*109 

1*60 

3 *6947 

+ 0 X 26 

0*18 

1 *2977 ] 

- 0*143 

2*00 

4 0986 i 

- 0*112 

0*10 

1 ‘ 50 O 7 j 

- 0*804 

2 *60 

4 *6234 1 

-0 *501 

; 0 *20 

1 *8708 

- 0*370 

; 3*00 1 

4 *9726 

- 1*082 

0 *22 

2 2828 

-0 *881 

‘ 4*00 

5 '9039 

! - 2*636 

1 0*26 

2 *5954 ! 

- 0-196 

’ 6*00 j 

1 7 *8305 

- 7*161 

1 0 *80 

1 2 *8036 1 

- 0*047 

1 

1 

i 
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When ^ differs from zero, the calculations are naturally more complicated. 
The most interesting and instructive oases occur when is small I have 
chosen ss 1/10, The corresponding values of and y are given in 
Table III, calculated from equations (10), (11), and a plot is shown in fig. 3. 

As in the former problem, where the liquid is supposed to adhere to the 
walls notwithstanding the sharp edges, the pressure in the recesses of the 
tul>e is simply that due to the velocity at a distance. At other places 
the pressure can be deduced from the stream-function in the usual way. 


Observations on the Fltiorescenee and Resonancs of Sodium 

Vapour, — II, 

By the Hon. E. J, Stkutt, Sc.l)., F.E.S., Professor of Physics, Imperial 
College, South Kensington. 

(Received June 12, 1915.) 

[Platk 8.] 

§ 1. hfUrodiiAiioii, 

Prof. R, W. Wood has made many interesting observations on the fluor- 
escence of sodium vapour. They are conveniently summarised in his * Physical 
Optics’ (MacMillan, 1911). The fluorescent spectra he has obtained ’are 
apparently connected with the banded absorption spectrum of dense sodium 
vapour. If white light is employed, this banded absorption 8])ectrum is 
re-emitted completely as a fluorescent emission spectrum. If monochromatic 
light is used, a portion only of the complete band spectrum is emitted, this 
portion consisting of a moderate number of lines approximately equally spaced 
along a normal spectrum, and including a line coincident with the exciting 
line. 

These observatiojis on the band spectrum are of great interest and 
importance, but observations on the line spectrum of sodium, in absorption 
and in fluorescence, ai'e more within the range of theoretical discussion at the 
present time. 

The line spectrum is observed in absorption and in fluorescence at a density 
of sodium vapour small compared with that needed for the band spectrum. 

If a beam of white light traverses such vapour, the D line and the other 
lines of the same series in the ultra-violet are seen in absorption. At the 
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Bame time there is a lateral re-emission of the D line, discovered by Wood, 
and called by him rdsonance radiation. The first paper of the present series^ 
dealt with this resonance radiation. It is excited most conveniently not by 
* white light but by sodium light, which contains the only effective constituent 
of white light. 

l*he D line is the first member of a series of lines known as the principal 
series of sodium. The second line is at wave-length 3303 in the ultra-violet. 
The Hues of this series up to a very high number can be seen in absorption, 
and since, in the case of the I) line, the whole of the absorbed light quantita- 
tively reappears in i*esonance radiation, f it would seem at first sight very 
probable that resonance radiation would also be observed at wave-length 3303, 
and at all the other lines of the Principal series. 

The question arises also, would stimulation by a higher member of the series 
give rise to emission of a lower member ? For instance would stimulation by 
X 3303 give rise to D light ? This question is not new. It has been proposed 
by Prof, K. W. Wood, and be has looked for such an effect, with negative 
results-J There was no doubt, however, that if anything of the kind could be 
observed, the fact would be important for the theory of spectrum series. For 
this reason I have made a fresh effort, which has had a successful issue, 

§ 2. MxcUation of D Light hy X 8303. 

In planning the experiments, a source was looked for which would give a 
sharp and narrow line of great intensity at wave-length 3303. Preliminary 
experiments with a salted Meker flame showed that this source was extremely 
poor in the radiation desired. An oxy-hydrogen sodium flame might have 
done better, but I had recourse to a sodium vacuum arc, in quartz, which gave 
the line 3303 in equal intensity to the D line, measuring the intensity by the 
action on ordinary (not orthoohromatic) plate8.§ 

The silica envelope of the lamp (fig, 1) consists of two bulbs, a, c, each of 
50 C.O. capacity, joined by a tube 5, about 13 mm. inside diameter. The 
cathode is a pool of molten sodium d, and contact is made to it by an iron 
wire Cy which passes out through a narrow quartz tube into which it is 

♦ ‘Boy. Soc. Proc./ A, vol, 91, p. 388 (1918). 

t Dunoyer and Wood, ^ Phil. Mag,’ [VI], voL 27, p. 1025 (1914). 

J ‘ Phil. Mag.’ [VI], vol. 18, p. 588 (1909). In thin paper it is shown that excitation of 
denae sodium vapour by tlie group of zinc lines in the neighbourhood of X 3303 gives 
rise to an ultra-violet band spectrum. But no definite evidence is given of aUy 
re-emiasion of X 3303, nor have I myself been able to observe this, as will appear. 

§ This measure of relative intenwty has of course no Scientific value. It is merely 
used for practical convenience in comparing different sourcea An energy xneasure 
would be ehormously more favourable to the I> line. 
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Fig. 1. 


XCt— A. 


cemented with sealing wax. The anode is an iron wire 
/ about 3 mm. in diameter. It passes up the glass 
fitting gg, into which it is cemented ; gg is cemented 
into the silica tube at h A stopcock k provides for 
exhaustion. The constriction at the bottom of gg, 
where the wire / passes out, prevents too much 
distillation of sodium into the upper part of this tube. 

This form of lamp, arrived at after repeated trials, 
is fairly satisfactory in use, lasting long enough for a 
considerable number of experiments. The large bulbs 
are a most important feature. The lower one allows 
of the effervescence of the molten sodium, which 
always occurs at first. The upper one serves a different 
purpose. The anode / gets red hot, and if space is not 
allowed round it, the surrounding silica gets so hot as 
to be rapidly acted on by the sodium, eventually 
cracking. 

The lamp must be kept well exhausted, preferably 
by continuous action of a Gaede mercury pump. The 
sodium gives off much hydrogen, and if this is not 
continually removed the lamp gets very hot, and the 
silica is rapidly blackened by reduction. The current 
passed is about 5 am|K}res. 

The lamp is started by warming it and connecting an 
induction coil to the sodium cathode, and to a wire 
twisted round the tube h. After prolonged use the 
silica gets brown. The lamp can then be dismounted, 
cleaned out with alcohol and water, and then with 
dilute hydrofluoric acid, which readily removes the 
reduced silicon. It can tlieii be recharged with sodium, 
and is almost as good as new\ 

It may be luentioned that the lamp gave eight lines 
of the principal series of sodium with half an hour's 
exposure on a small quartz spectrograph. The I) line 
was exceedingly brilliant, and the strongest salted flame 
looked a verj' pale object beside the lamp. The lines 
of the two subordinate series were also shown very 
beautifully, the series relation being conspicuous to 
the eye. ' 

Such lamps show the resonance radiation of D light 

2 a 
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iucomparably better than any salted flame will do. The advantage lies not 
only in the brilliancy, but also in the narrowness of the D line. As Dunoyer 
has shown, only the central part of the broad line given by a flame as 
effective. 

In studying the fluorescence produced by the line 3303, it is necessary to 
suppress the light due to the visual lines, particularly the D line. This was 
accomplished by a cell of cobalt blue uviol glass, filled with a dilute solution 
of nitrosodimethylaniline. This combination is very transparent to X 3303, 
and suppresses everything in the visual region except a small part of the light 
of the red sodium line 6161. It is necessary to tolerate the latter, for if the 
nitroso solution is made strong enough to suppress it, serious loss of 3303 
light is incurred. In practice not enough red light came through to cause 
inconvenience. 

The light coming through the filter was examined with a quartz spectrograph. 
The only line on the plate was 3303. The visual spectrum showed only the 
red line 6161, and this could only be seen by directing the spectroscope 
straight at the lamp through the absorption cell. 

The arrangements are shown in plan in fig. 2. The lamp is at A. It is 





focussed by a quartz oonde^er B on the wall of the quartz flask £, the ultra- 
violet filter D intervening. B is set in the wall C of a dark cupboard, the 
axis of the lenses being inclined at about 60° tq the wall, which makes the 
apparatus more aooessible to an observer. The observations are made inside 
the cupboard. , 

£ is a round-bottomed quartz flask of 100 c.c. capacity containing a littde 
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sodium. It is connected by rubber tubing to a Gaede mercury pump, which 
is kept running, and which serves in addition to keep the sodium lamp A 
exhausted. 

Before starting observations, the eyes are well rested in the dark. The 
bulb E is then well heated in a Bunsen flame, to nearly a red heat, so as to 
generate sodium vapour. When the lamp is started, the front surface of the 
bulb is seen to emit visual light. In the earlier experiments this was too 
faint for spectroscopic analysis, but it was examined by absorption methods. 

First, a cell 1*2 cm. thick filled with saturated potassium bichromate 
solution held in front of the eyes was found to transmit it undiminished. 
This shows that the light must be in the yellow or red region of the spectrum. 
Secondly, the light was entirely cut oflf by substituting for the bichromate a 
strong solution of proesodymium nitrate. The latter solution transmits the 
red, but has an absorption band extending from X5820 to \6020. The 
D line at \ 5890 lies in this narrow region, and considering that the emission 
takes place from sodium vapour, there was practically no doubt that it did 
consist of D light. 

In later experiments, under improved experimental conditions, the light 
was bright enough for its orange colour to bo very conspicuous. Examined 
with a direct vision spectroscope it was found to be monochromatic, consisting 
entirely of D light. So far I have supposed the bulb to be quite hot, say at 
350® C, In this case the 3303 light is not able to penetrate far into the 
sodium vapour, and consequently the D light excited is confined to the 
surface of the mass of vapour. As the bulb cools and the vapour diminishes 
in density, the excited D light gradually penetrates into the interior of the 
vessel, and fills it entirely. The light then slowly fades away as the vessel 
becomes cold. 

These effects are exactly the same as are observed when D light is used os 
the exciting light. Possibly suspicion may arise that a trace of D light had 
been able to penetrate the ultra-violet filter and produced the observed eftfect. 
A simple test experiment entirely negatived this possibility. When a piece 
of ordinary plate glass, 1*2 cm. thick, was interposed in the path of the 
exciting beam so as to cut off ultra-violet light, the excited D light 
disappeared altogether. 

§ 8. Ifo ExcMation of the D Lines hy OtJier Kinds of UUra-violet Liyht. 

Another doubt may possibly remain. Granting that the excitation of 
I) light is due to ultra-violet light, is it essential that this particular wave- 
length 8308 should be used ? Would not any intense ultra-violet radiation 
serve ? 
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To test this a mercury arc in quartz was substituted for the sodium arc. 
It gave very strong radiation through the ultra-violet filter, lighting up 
a piece of uranium glass much more brightly than the sodium lamp had 
done. It also caused the quartz wall of the bulb containing sodium to emit 
a little blue fluorescence, but when this was cut out by holding a bichromate 
solution before the eye, nothing remained : 1) light was not emitted. The 
strong ultra-violet mercury lines present were probably the groups about 
X 3650 and X 3130. 

§ 4. Search for Ev'ldence of Resonance Radiation at X 3303. 

It apj)ears, therefore, that light energy of wave-length 3303 absorbed by 
sodium vapour is, in part at any rate, re-emitted as I) light. Clearly then 
the relation found by Wood and Dunoyer for stimulation by D light,* that 
the whole of the absorbed energy reappears as energy of the same wave- 
length, cannot apply to the line 3303. It must be a peculiarity of the 
1) line, distinguishing it from other members of the series. 

The question arises, however, whether any part of the energy of X 3303 is 
re-emitted at the same wave-length ; whether, in other words, there is any 
resonance radiation of X 3303. 

An experiment was arranged as in lig. 3. In this case a cylindrical 
silica tube, about 2 cm, in diameter, kept in connection with the pump, 
contains the sodium vapour. Light of wave-length 3303 is incident 
perpendicularly upon it, as shown by the arrow. Some ultra-violet light is 
found to proceed obliquely from the point of incidence. It is focussed by 
a quartz lens B upon a fluorescent screen of uranium glass. The image is 
at I), and is shown hf the fluorescence. This fluoi^esoence must be viewed 
obliquely. If viewed in the prolongation of AD, yellow D light from A, 
stimulated in tlie way already described, enters the eye, and masks the 
fluorescence on the screen at D. 

It is necessary to decide whether the ultra-violet light emitted from A is 
due to resonance radiation, or whether it is merely light scattered by the 
striie in the walls of the silica tube.f 

A comparison fluorescent patch was obtained at E by forming there the 
image of a small smokeless gas flame F. E was adjusted to be of the same 
brightness as D when the tube A was cold, and contained no sodium vapour, and 
when the solid sodium in the tube was out of the way of the incident light* 
On heating A so as to raise sodium vapour no increased brightness of the 

‘ Phil. Mag,; vol, 27, p. 1026 (1914). 

t The anungeinent adopted excludes specular reflection from the si lioa tab^ m will 
be evident from fig, 3, 
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fluorescent patcli at D could l:>e observed, E was still a match for it. 
This proves that the resonance radiation of \ 3303, if any, is but a small 
fraction of the light of this wave-length scattered by the walls of the vessel. 
A similar experiment was inade with the same vessel but with D light 
as the exciting light. The ultra-violet filter was removed, a sheet of 
ordinary ground glass was substitute<l for the uranium glass at C, and 
a salted spirit flame for the smokeless gas flame at F. Starting with the 
sodium tube A cold, the yellow inmge at E was adjusted to equality with 
that at 1). On liealing the tube A, so as to raise sodium vapour, 13 became 
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many times brighter than E, owing to the resonance radiation, wliich entimly 
outshone the scattered light 

There is no reason to suppose that the fraction of the incident light 
scattered by the strise in the quartz tube would be very different, whether 
this light consisted of D light or of X3303. 

Assuming that the same fraction is scattered by the walls of the tube in 
each case, it follows from the experiments described that the lesonanoe 
radiation is a very much smaller fraction of the exciting radiation for 
X3303 tlwtn for D light* 

^ A tube with a window of oloar optically worked quartz fused on would make it 
pofisihie to push further the search for resonance radiation of X 3303. 
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As Already meationed, the experiments of I)unoyer and Wood^ M 
that the whole of the ateorbed D light is re-emitted as D lighi My own 
experiments prove that this is not true for light of X 3S03. The intefreeting 
possibility remains for future investigation that not only a part but the 
whole of the absorbed energy of X 3303 is re-emitted as D light. Such 
a result would, however, be difficult to reconcile with the quantum theory. 

1 5. Effect of (hie Component only of the VUra-violet Doublet X3303. 

The first ultra-violet sodium line, though liitherto spoken of os single, is 
in a fact a doublet like tl)e D line. The compondnts have wave-lengths, on 
the International system, of 3302*96 and 3302*36.* There are reasons for 
i-egarding these lines as belonging to different series : in fact, for regarding 
the principal series of sodium as really including two series. The. series 
including Di and 3302*96, the less refrangible members of the respective 
doublets, are each split into four components in a magnetic field, while 3302*36 
and D», the more refrangible men^bers, are each split into six components. 
This point of view is strengthened by the observation of Wood and Dunoyerf 
that if sodium vapour is stimulated by the Da line, Di does not appear in the 
fluorescent radiation, which consists of Da light only. 

It thus appeared of considerable interest to determine whether stimulation 
by the line 3302*96 would give rise to Di only, or whether it would give rise 
to Da (which may be regarded as belonging to a different aeries) as well 
An accidental circumstance, to which attention has been drawn by Wood, 
made it possible to attack the question. This is the extreme nearness of 
certain zinc lines to wave-length 3308. 

The zinc arc spectrum shows a doublet which lies inside the sodium doublet. 
The wave-lengths given by Kayser stand thus: 



Intervals. 

Sodium 

330310 1 

Zinc 

3303-06 J 

Zinc 

3302-701 

Sodium 

3802-49 J 


Kayser's table has been compiled by critical collation of the data given by 
different observers. These observers have not of course felt any special 
interest in the exact relative position of the zinc and sodium lines mentioned, 
vrhich has no importance except for the teclmique of the present investigation. 
It was thought therefore that direct comparison would give greater oertainty 

* I quote theee wave-lengths from the Table given at the end of Kayter*e ‘ 
eoopy,* vol. 6, ^ ^ 

t ‘Hiil. Mag.* [VIk voL 87, p, 1018 (IS14). 
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^ The epectra were Compared m the thi^ order of 4 

Bowland gratix%> uging a quartz vacuum arc both for zinc aud aodium. 
With short exposures the lines, especially in the case of Bodiutn, were very 
fine and sharp. The intervals above mentioned were measured as 0*043 
Angstrom and 0*198 Angstrom, in good agreement with the numbers adopted 
by Kaysen 

In all the photographs there was some overlap of the images of 3303*10 
(sodium) and 3303*05 (zinc). On the other band there was definite separation 
of 3302*70 (sodium) and 3302*49 (zinc) by a narrow interval of clear glass. 
Wlien there is separation, it is definite proof that the lines themselves do not 
overlap, but on the other hand an overlap of the photographic images is no 
proof of overlap of the lines themselves, for the images may be, and with any 
but the shortest exposures certainly are, broadened by irradiation. For this 
reason I have not been able to definitely establish from the spectrograms 
whether, and to what extent, 3308*05 (zinc) overlaps 3303*10 (sodium).* It is 
scarcely doubtful that, as is known to be the case wdth mercurj, the zinc 
lines broaden with increase of current. If therefore the zinc line 3303*05 
does not overlap its sodium neighbour for small currents, an increase of the 
current will probably make it do so; on the other hand, up to 30 amperes at 
all events, the spectrograms still showed that there was no overlap of 3302*70 
(zinc) and 8302*49 (sodium). Fig. 4 (Plate 8) shows an enlargement of a 
photograph taken with 30 omp^^res passed through the zinc lamp. The closer 
doublet in the middle is of course the zinc one, the sodium doublet appearing 
above and below. 

The net result of this study of the spectra is to show that there is a zinc 
line in practical coincidence with the less refrangible member of the sodium 
doublet, but no zinc line in coincidence with the more refrangible member. 
If we use a zinc arc to excite sodium vapour, we apply excitation at one line 
only of the doublet 3303. 

The form of lamp which has been found useful for zinc vapour is shown in 
fig, 5. It is a slight modification of that used for sodium. The envelope of 
the lamp consists of two lengths of rough silica tube each about 13 mm. ipside 
diameter and 30 cm. long, united by a short piece of clear silica tubing about 
8 inside diameter. The cathode is a layer of molten zinc d resting on 
an iron plug which of course must not fit the silica tube too tightly. A 
micA w^ber at / prevents the molten zinc running down below e. Con- 
ation is made to € by an iron wire g passing out through a glass fitting A, 

could be done if the epectrogmph were arraiiged with a euitable Ism 
m iNfka on the plate of the original grating image of the gtonp 
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cemented with Bealing wax. The anode k is also a loose iron plug, with a 
I>oinfced end, ae shown. The connection is brought out in the same waf. A 
side tube I in the glass fitting provides for exhausi ion. 
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The arrangements for the experiment are seen in plan in 
fig. 6. The zinc lamp is shown in section at A, The rays from 
it pass through the quartz condenser B set obliquely in the 
wall as before, then through the ultra-violet filter D, con- 
verging at E on to the wall of a quartz bulb containing sodium 
vapour. The rays impinge on the quartz bulb almost at grazing 
incidence, and set up a fluorescence of I) light, as wlien the 
sodium lamp is used as a source of 3303 light. The intensity 
of this light depends very much on the current tlirough the 
zinc lamp. This is no doubt due to the fact that at small 
currentB the zinc line is too narrow for any overlap witli the 
sodium line. With lai'ger currents such overlapping begins, 
and the vapour is stimulated. With currents of 4 arnp^jres no 
I) light is seen. Increasing the current to 6 amperes it can be 
seen, and identified by the absorption methods before described. 
At 15 amperes it is bright enough for spectroscopic examination. 
The current may be further increased up to 100 amperes, with 
a great increase in the fluorescent light, which is now, perliaps, 
as bright as a slightly salted flame. The zinc lamp, however, 
will only stand these currents for a few seconds. It has been 
found convenient to start up the lamp, and run it at, say, 
6 amperes, by means of a regulating resistance. When all is 
ready for observation this resistance is shunted by a smaller 
one, so as to pass a heavy current for a short time. For the 
heaviest currents a fuse wire without other resistance is used in 
the shunt circuit, and allows the heavy current to pass for a few 
seconds only ; enough, however, for observation. The lamp is 
not extinguished when the fuse melts in the shunt circuit, thus 
the observation can easily be repeated after replacing the fuse. 

In order to decide whether one or both D lines wei^e present, 
a special 9i>ecbroscope was employed, consisting of slit, direct 
vision prism, and telescope. The slit, 1 mm. broad, is a fixed 
one, made in a brass sheet F. The slit itself is horizontal, and 
is in the plane of the diagram (fig, 6). A vertical strip of 


bmss G divides the length of the slit into two parts. 


One of these parts (that towards the top of the page on the diagram) is 


backed by the fluorescent light of the sodium vapour in E. The other part 
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is backed by a minute soda flame H, which afibrds a comparison spectrum. 
This flame is simply a coal-gas flame burning from a drawn-out soda glass 





Fio. 6. 

jet, and turned down to the blue.” Its spectrum shows the D line 
sut)erposed upon the Swan spectrum. 

The prism used (indicated at J) is a powerful combination designed by 
I^rd Rayleigh,^ to whom I am indebted for the loan of it. 

Ten right-angled flint glass prisms, with their refracting edges horizontal, 
are immersed in carbon diBulphido, containing enough benzol to exactly 
compensate the deviation for D light. The combination is 20 inches long. 
It was mounted with its nearest eiid 48 inches from the slit, though 
represented much nearer in the figure, for convenience. Under these 
conditions the D lines in the comparison spectnuu were seen well separated 
with the naked eye, but in the experiment a telescope K was used. It 
consisted of single convex lenses, object glass 5 inches and eyepiece inches 
focal length, giving rather more than three-fold magnification. 

With this amount of magnification the images lose nothing in brightness, 
while they gain in angular magnitude — always an advantage in dealing with 
very faint objects. The telescope tube was covered with phosphorescent 
paint near the eyepiece, which proved a convenience for quickly finding one's 
way to it in the dark. 

The spectroscope thus arranged proved most satisfactory for resolving the 
I) lines from a very faint source, and I do not think that it could be improved 
on for this purpose. The great advantage of the large dispersion is that 
a wide slit is admissible. 

In making the observations the zinc lamp was started with a small 
curmnt, the quartz bulb was heated, and the observer at the spectroscope 

bin * Collected Scientific Works,' vol 1, p, 469, and vol 4, p. S94. 
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got hie eye rightly directed and focussed so as to see the D lines well in the 
comparison spectrum. He then knew exactly where to look for these lines 
in the usually fainter fluorescence spectrum, during the short time it was on. 
This use of a oomparison spectrum is practically essential. It is strongly to 
be recommended in all spectroscopy of faint sources. At the first test, 
100 ampijroH were passed for a moment, and both I) lines were seen in equal 
intensity, as bright as the comparison spectrum, if not more so. In subse- 
quent tests the current was reduced by successive stages down to 16 amperes. 
At this point the result was still the same, quite definite and distinct. 
With smaller currents than 15 amperes the fluorescent light was too faint 
for spectroscopy. 

In all not less than a dozen observations were made, not all on the same 
day, and each one of them separately was conclusive as to the general result. 
I was not able to decide definitely which, if either, of the 1) lines was the 
brighter. In a flame Da is somewhat brighter than Di, but in the spark no 
definite diffei’ence is recorded. 

As already shown, stimnlation is confined to the component 3303*10 at 
30 amperes, and possibly for much larger currents still Both the D lines 
appear in equal intensity at 15 ampiires. There is, therefore, an ample 
margin of safety in saying that stimulation applied at one member only of 
the first ultra-violet doublet gives rise to emission of botli the D lines. 

§ 6. Search /o?’ Fhiorescmt IJmissio'fi of the Suhordinate Sei'ies Lines. 

As stimulation at 3303 had proved capable of bringing out the D lines it 
seemed possible that it might also bring out the subordinate series lines. 
To look for these a zinc lamp was first used, loaded momentarily with 
100 ampi?res. 

The arrangements were as in fig. G, except that instead of using the 
prism J and the telescope K, the slit was viewed without a telescope, 
through a much less dispersive direct vision bisulphide prism, the eye being 
only about 8 inches from the slit. The spectrum obtained in this way was 
short and bright. The swan spectrum of the little gas jet H served as an 
approximate guide for the eye, and the lines 6685 and 6167 of the first and 
second subordinate series specially looked for. No trace of them, or of any 
other line except the D line, could be seen in the fluorescent spectrum. 

A second attempt was made, using the sodium lamp as a source of > 3363. 
A quartz tube, 2 cm. diameter, was used to contain the vapour, and examined 
with an ordinary pocket spectroscope. In this case the brightness' was 
j>erhapB somewhat less, but the observations could be made at leisnie 
because the Bodium lamp does not need to be heavily overloaded ^ order to 
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bring ont the fluorescence. No trace of the subordinate series lines could 
be seen. The green one, 5685, at all events, could have been seen if it had 
had the same intensity relative to the I) line as it had in the original sodium 
lamp. My colleague, Prof, Fowler, very kindly made these observations 
with me. 

§ 7. 

(1) Sodium vapour, illuminated by the second line of the principal series 
at wave-length 3303 in the ultra-violet emits the 1) line, which is the first 
member of that series, in fluorescence. 

(2) Stimulation by ultra-violet light in general does not cause emission of 
the I) line. 

(3) If one member only of the ultra-violet doublet 3303 is stimulated, not 
one only, but both of the D lines are emitted, in about equal intensity. 

This is an unexpected result, in view of the work of Wood and Dun oyer, 
who found that stimulation by Da light was unable to excite Di light. 

(4) Stimulation at \ 3303 was not found to give rise to any t)bservab]e 
resonance radiation of the same wave-length, nor to any observable emiBsion 
of the subordinate series linos. 

I have much pleasure in thanking my assistant, Mr, E. Thompson, for 
valuable help in carrying out the experiments. 

* Ike chief results of tliis investigation were indicated in preliruiuary couuBUuivutions 
to ‘ Nature,’ May 13 and June 3, 1015. 
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The Influence of Gases on the Emtsswi of Electrons and loyis 
from Hot Metals. 

By 0. W. EiCiUiiDSON, M.A., l),Sc., F.RS., Wheatstone Professor of Physics, 
University of London, King's College, 

(Received April 22, 1915,) 

As is well known, the saturation density i of the electron currents from 
hot laxlies can be represented accurately by the formula 

i = (1) 

where T is the absolute temperature and A and h are constants characteristic 
of the substance. An equation of type (1) has been found to represent the 
currents not only from pure metals in a good vacuum but also when a 
gaseous atiuosjAere is present, provided the constants are given different 
values. Thus in general A and h are functions of the nature and pressure 
of the surrounding gas as well as of the hot metal They are iiidependeut 
of T within the limits of temporaturo in which the formula is valid. In 
the case of pure metals there is evidence that the formula is valid at all 
temperatures. In (lertain cases the constants A and h are very sensitive to 
minute changes in the nature and pressure of the surrounding gaseous 
atmosphere. This is well shown by Langmuir's^ experiments on tungsten, 
where a slight trace of hydrogen changed the value of A by a factor of 
about 10^^ and that of h from 5-5 x 10* °0, to lUo x 10* °C. In the case 
of platinum heated in an atmosphere of hydrogen, H. A. Wilsonf has shown 
that A and h are functions of the pressure of the hydrogen, and that the 
changed values of A and h are subject to the relation 

5 = cIogA-fr^f, (2) 

where c and d are constants. In other words, the changes in the constants 
A and h caused by the admission of hydrogen are always of such a character 
that the change in log A divided by the change in I is invariant. In the 
present paper it is shown that a similar relation holds for the changes in 
the values of A and h for tungsten which are caused by traces of various 
gases. In fact it seems probable, in general, that when the emission of 
ions from rnetiils is affected by the presence of gases, the changes in 
A and h are subject to a linear relation between h and log A. There is 
evidence that the relation is independent of the particular gas used to 

♦ * Phj’s, Eev.,^ vol. 2, p. 450 (1913). 
t ‘ Phil. Trane., ^ A, vol, 208, p. 247 (1908). 
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effect the changes, and that the law applies to the emission of positive ions 
as well as electrons from hot metals. In view of the complexity of the 
phenomena which may occur when metals at a high temperature are 
immersed in a gaseous atmosphere it seems unlikely that such a simple 
law will be exact for all the small changes in A and h which may arise ; 
but the evidence is strong that it covers the main features of the 
phenomenon. 

Let us consider the case of tungsten first. Langmuir (Jo(\ cit,) has 
measured values of A and b from this substance both in the best attainable 
vacxium, Bmiilar to that in a Ooolidge tube, and in a liigh vacuum to which 
small amounts of various gases have been addful. The data obtained are 
shown in the following Table : — 


Ghas. 

• Pressure. 

i 

k 


1 

mm. Hg 

\ K.S.U. per cm". 



i "C. 

Tticuum 

— 

1 7 -OS X 10'« 

1 5 *25 X KP 


— 

, 0*0 X 10’<'' 

1 r>'r>Hx 10^ 


0 -00007 

10-2 X 

! 0 -55 X lO* 

Hti 

()'012 

! 1 -02 X 102‘ 

1 8 *26 X 10^ 


! 0 -0005 

j 1-29x10- 

8 -5 xUP 


0*007 

j 2 *28 X 10'^ 

11 -rj X UP 


; o*tK)i7 

i 2-:uxUP'' 

io*r> xnP 


— 

1 2-04x10- 

9-43xU)‘ 

n 

0*002 

! (3 •(> X 10'» 

7*32x10* 


T) -0 X 10‘« 

0 '82 X 10-* 


The conditions were varying with the time in some of the experiments, so 
that in such cases the data are only approximate. It is clear from a glance 
at the figures for liydrugen that A and h are not definite functions of the 
pressure of this gas. The changes in the constants apparently caused by 
hydrogen are probably caused by some other substance introduced with it. 
Langmuir, who takes this standpoint, attributes them to traces of water 
vapour. 

Although there is no relation between the values of either A or J and the 
pressure of the gas which appears to determine these values, there is a 
definite relation between all the corresponding values of A and b given in 
the Table, It will be noticed that the corresponding values of A and b 
always diminish or increase together. Thus a high value of A always 
corresponds to a high value of b, and vt(€ DtTsd. In fact, no matter which 
of the gases tested determines the values of the constants log A is a linear 
function of k This is clearly shown in fig. 1, in which logio A is plotted 
against the corresponding value of The figure contains all the data 

given in the Table, and some others in addition. In fact, it contains all the 

2 u 2 
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values of A and h for tungsten whi^ ai*e at present available, and which 
there is reason to consider reliable. The deviations of the points from the 
straight line may be real, or they may be due to erroneous determinations of 
the constants owing to the time changes already i-eferred to, or to other 
causes. It will be noticed that the pure tungsten in the best vacuum gives 
the least values both of A and h, the eflfect of gaseous contamination being to 
increase the values of both constants. 

, 1 ' r ' " ' " ' "T " " '1 ' " ■ — —1 



Fia. 1. 

It is interesting to compare these values for tungsten with similar data 
for platinum in hydrogen and other gases. In fig. 2 I have collected all the 
available corresponding values of A and h, which there is reason to believe 
trustworthy, as well as some othera, for whidh the nature of the probable 
error may be forecasted. Nos. 1, 2, 3, 4, and 5 are the observations which 
led H. A. Wilson (foe. cit) to conclude that the change in log A caused by 
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hydrogen was proportional to the simultaneous change in h. No. 1 is for Hs 
at 133 mm., No. 2 for Ha at 0*112 mm.» No. 3 for Ha at 0*0013 mm., and 
Nos, 4 and 5 for a good air vacuum. No. 7 is from data given by Deininger* 
for a vacuum, and No. 8 from data given by Hortonf in an atmosphere of 
helium at a pressure of a few millimetres. No. 9 is the first determination 
of A and h which was made by the writer^; the conditions probably corre- 
sponded with those for a hydrogen vacuum of about 0*001 nim. Nos. 10, 11, 
and 13 are taken from a later paper by the writer.^ No. 10 is for nitrogen 



d /Of 

Fi«. 2. 


at 2*8 mm., No. 11 for oxygen at 2 ram., and No. 13 for air at 760 mm. 
No. 12 is a preliminary value given by Langmuir {loc. cit.) under high vacuum 
conditions. So far as one can judge, this experiment should correspond to 
superior freedom from gaseous oontamination. 

♦ * Ann. der Phyrik,* vol. 25, p. 285 (1908). 
f ‘Phil. Trana.; A, vol. 307, p. 149 (1907). 

+ ‘Camb, Phil. Proc.,* vol. 11, p. 286 (1901). 

§ * Phil Titma.,’ A, vol. 207, p. 1 (1906). 
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Considering all the points sinaply as they stand, the divergence from the 
straight line drawn is considerably greater than the corresponding deviation 
of the tungsten points shown in fig. 1. The agreement is, however, very 
much improved if the conditions affecting the different determinations, which 
are by no means of equal value, are intelligently considered. Thus Nos. 10 
and 11 are believed to be affected by the occurrence of ionisation by collision. 
This makes A too big without changing 6. Again No. 13 is believed to be 
affected by lack of saturation. If the currents are fairly small fractions of 
the saturation values A will be too small and b unaltered. These "objections 
to Nos. 10, 11, and 1 3 were pointed out when the original data were published. 
On those grounds we should expect Nos. 10 and 11 to be above and No. 13 
below the line, as in fact is the case. No. 9 is a very old observation and its 
distance from the line might be due to a number of causes. No. 6 is deduced 
from a small number of determinations of very small currents which extend 
over a short stretch of temperature ; so that the possible error of measure- 
ment in this case must be quite considerable. No. 12 is given by Langmuir 
as only a preliminary determination, and further investigation may change its 
position considerably. As regards Nos. 7 and 8 there does not seem to be 
any obvious criticism one can offer ; but they are not very far from the line, 
and it is possible that the true position of this should be a little to the right 
of that in which it has been drawn. 

We see then that in platinum as well as tungsten there is a correspondence 
between the values of A and b, so that large values of A correspond to large 
values of h, and conversely. There is, however, one important difference 
between the two metals. In tungsten the pure metal has email values of the 
constants, which are increased by gaseous contaminants, whereas pure 
platinum appears to be characterised by high values of the constants, which 
are reduced by the presence of gases. It is possible that traces of hydrogen 
are responsible for all the changes observed with platinum, but that is a |>oint 
which I do not wish to discuss in the present paper, the object of which is to 
consider corresponding changes in A and b without reference to the processes 
causing them. Since the changes observed with platinum and tungsten are 
similar, but in opposite directions, it is natural to try to attribute them to 
similar causes acting in opposite senses in the two metals. 

Them^y of the Effect of Qmm on the Bnimion CmietanUe. 

The theory of the effect of hydrogen on electron emission from platinum 
lias been considered at length by H. A, Wilson,* In Uie present pap^ I 

♦ * Phil Trans.,’ A, vol 208, p 247 <1908). 
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Bhall oouaider the effect of contamination on the etnission con^auts in general 
from a somewhat different standpoint. It has been found empirically that 
the emission from pure metals either in a vacuum or in equilibrium with a 
gaseous atmosphere can be represented by the formula 

i ( 1 ) 

There is a certain amount of doubt about the exact value of the index 
of T in the factor I'* in this formula, as the particular value ^ may be 
replaced by any number between 0 and + 2 without appreciably affecting 
the agreement of the formula with the experimental numbers, provided 
somewhat different values of the constants A and h are taken. We shall* 
however, disregard this point and assume (1) to hold, as the values of the 
constants we are dealing with are based on the assumption that (1) is valid, 
In addition to equation (1) there are a number of related equations* which 
may be deduced by the application of the principles of thermodynamics to 
electron emission. In considering these it is more convenient to deal with 
the number n of electrons per cubic centimetre of the space outside the 
body which are in equilibrium with it at the temperature T, instead of the 
saturation curient These quantities are related by the equation 

i = n€{kTJ2'Ttin)^, ( 3 ) 

where € is the charge and m the mass of an electron and k is Boltzmann’s 
constant. The only assumptions involved in the relations referred to are 
(1) Ihe reversibility of the phenomena, (2) the two laws of thermodynamics, 
and (3) the applicability of the law of a j)erfect gas to very attenuated 
electron atmospheres. The results must, therefore, posst^ss a very high 
degree of certainty. 

The proofs of these relations hitherto given only apply to the case in 
which gases are absent. It is thus necessary to modify them somewhat in 
order to obtain results which will be valid when gases are present and may 
affect the emissions either by reacting with the electrons or contaminating 
the surfaces. For purposes of calculation a contaminated surface may be 
regarded as a pure surface covered with a contaminated layer of uniform 
composition to a small but finite thickness. This will probably give a fair 
representation of the facts unless the layer of actual oontamination is 
excessively thin. In that case the superficial properties of the contaminated 
material might become somewhat indefinite. The proposed treatment 
pttksticaHy amounts to considering the pure metal as being covered with a 
thin layer of another metul having the properties of the contaminated 

^ Of, *Th« Electron Theory of Matter,’ Chap. XVIII, Cambridge University Preea, 
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surface. It is evidently necessary to take account of the existence of the 
contact potential difference and of the Peltier electromotive force between 
the pure and contaminated materials. 

Bearing this in mind, a calculation similar to that in ‘ Phil. Mag./ voL 24, 
p. 619 (1912), shows that 

71 = (4) 

where Aj is a constant independent of T and iv is the change of energy when 
one electron passes from the interior of the contaminated material to the 
space outside. In carrying out the calculation a virtual displacement may 
be imagined to be produced in a closed cylinder filled with the gas tmder 
consideration by a piston permeable to the gas but not to the electrons. 
The base of the cylinder consists of the omitting material. With this 
arrangement the only work done is caused by the partial pressure of the 
electrons on the piston. On account of the integral in the exponent 
of e ill (4) this relation does not appear to be well adapted to a discussion 
of the changes, in A and b in equation (1), which are caused by gases. 
Another disadvantage of (4) is that it gives 7i in terms of the value of w for 
the contaminated material, and this quantity is not directly accessible to 
experiment. 

Another relation involving the specific heat of electricity in the metal 
is given in the ' Electron Theory of Matter/ p. 448. The proof may be 
extended to cover the case when gases are present by covering the bodies 
A and A' with a definite layer of the contaminated material in equilibrium 
with the gas, as already outlined. The difference of potential V now 
includes the contact potential between the two contaminated surfaces. 
Before equalising the potentials in the manner described in the calculations 
referred to, the electrons are separated from the gas by drawing them 
through a 8enii-j>ermeable membrane which stops the gas. A loss of 
energy, f per electron, may be supposed to be involved in this process 
without aftecting the final results, which are thus valid even if the electrons 
enter into combination with the gas molecules. The only other change in 
the calculation is the introduction of the change in the energy of an 
electron on passing the interface between the contaminated and the pure 
surfaces, which corresponds to the Peltier effect. Proceeding, except for 
these changes, in the manner of the calculation referred to, we find 

whei^ C is a universal constant, y is the ratio of the two specific heats for 
the electron gas, w is the energy change at liberation of an electron from 
the contaminated material, rj is the energy change when an electron passes 
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from the pure to the contaminated material and oarreapoada to the Peltier 
effect, « is the electronic charge, and S is the specific heat of electricity for 
the pure material. If we consider another temperature, T', for which the 
values of the corresponding quantities are denoted by dashes, 


n' = CT' +(f/X’)/T's/T . 

so that njn' = r ^ 

But by a well-known thermo-electric result 


( 6 ) 

( 7 ) 

( 8 ) 


where Si is the specific heat of electricity for the contaminated materiah 
Thus 


nju = (T/T')V(y-U J 

1? / 4\ / ^ f »iv .(W. 

rrom (4) njn ^ 

hence, by comparison with (9), 

dw 1: 


( 9 ) 

( 10 ) 

( 11 ) 


It appears from this that if w for a contaminated material varies con- 
siderably with temperature, the specific heat of electricity in such a material 
may be expected to have abnormally large values. 

If «j, and are the values of these quantities for the pure material at 
temperature T, 

Hi =3 ( 12 ) 


yji is obviously zero, but the equations are more aymmetrioHl if it is retained. 
By comparison with (11) 

n/ni = (13) 

By a known result,* equal to eYi where Vj is the 

contact potential difference between the pure and contaminated surfaces. 
Thus, if i and are the saturation currents corresponding to n and 

i/ii s= n/n^ = (14) 

This result may be obtained more directly by corjsidering the equilibrium 
of electrons in an enclosure containing a rod of the metal in question 

whose sides are protected by an insulated covering, the ends only being 

free. The enclosure is divided into two halves by a semi-permeable 
membrane, which stops the gas but not the electrons, one of the two free 
ends being in each half of the chamber. The method whicli has been 


* * Electron Theory of Mattel / p. 466. 
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adopted, however, brings out a number of additional relations and shows 
that the whole treatment is self-consistent* Since we know from experiment 
that ix is expressed accurately by ii = we have 

(15) 

where <f>y = eYifk, is half the number of calories which are equivalent to 
the work KeVi if N is the number of molecules per gramme-molecule. In 
(15) A and b aio constants, but which is proportional to the change 
in the contact potential difference caused by the gas, may in general be a 
function of the temperature as well as of the pressure of the gas. 

Suppose that in the region of temperature under consideration <f> is 
represented by 

+ (16) 

0 1 

where the coefficients are functions of the pressure of the gas, then 
i = Ae-«> Ti 

But since i is still of the form where C and d are constants, it 

follows that all the coefficients aa and ... are negligible; so that 

<f> = (Ti) 4* (1®) 

If C and d denote the values of A and b when gas is present, 

• C A6!*“‘ or log C— log A = — (19) 
and d == b’i-ao or rf— 6 = oq, (20) 

To satisfy tlie linear relation demanded by figs. 1 and 2 it is necessary that 
— ai/oo should bo a positive quantity which is independent of the pressure of 
the gas. If, as appears on the surface, this ratio is independent of the nature 
of the gas as well as the pressure, the generality of the constancy of — ai/^ 
is still further* ex tended; but it is possible that all the effects with a given 
metal which are apparently caused by various gases are really due to traces 
of some particular gas which is present as an impurity. This does not seem 
probable in the case of tungsten but it cannot be denied that it is possible. 
Thus Oo and a\ have opposite signs and for a given metal are in a constant 
ratio. This ratio is nearly the same, and may be exactly the same, for both 
metals, The values of — ai/ao given by figs. 1 and 2 are: for tungsten, 
4*16 X 10”* and for platinum 4*36 x 10”*, If we denote the value of this ratio 
by u we may write equation (18) 

<^«ao(l-«T), (21) 

For the temperatures at which the experiments have been made « T is less 
than 1 for both metals ; so that the sign of ^ is that of Oo, For tungsten 
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«o is positive ; so that ^ is positive at these temperatures, and the effect of 
the gaseous contamination should be to make the metal electronegative to 
pure tungsten. The actual change Vi in the contact potential difference, 
compared with the pure metal, should be given by 

Vx = -- «o (1 - «T) X 300 voltfl. (22) 

€ 

The data taken from fig. 1 on substitution in the formula make the 
extreme value of Vi at 2000® K*, corresponding to logioA = 29 and 
i = 11^5 xlO^ equal to —0*87 volt. For platinum Uo is negative; so that 
contamination with hydrogen should make the pure metal more electro* 
positive, as is known to be the case. The magnitude of the change should 
be comparable with that for tungsten. The calculated contact potentials 
are those which would be observed at the high temperatures of the experi* 
ments ; so that they are not strictly comparable with those given by 
experiments at ordinary temperatures. 

Evvmion of Positi ve Ions, 

There is some evidence that the linear relation between the constants A and 
iin the emission temperature formula holds for the emission of positive ions as 
well as of electrons, although the data available in this case are much less 
extensive. The writer* has measured the values of A and h for the positive 
emission from an old platinum wire in the following gaseous atmospheres 
(1) Oxygen at 2 mra., (2) hydrogen at 1*9 mm., (3) air at 760 mm., (4) hydrogen 
at 226 mm, and (6) nitrogen at 2*8 nun. These appear to include all the 
known data. The values of logioA aits plotted against the corresponding 
values of 2h 10* in fig. 3, the points being numbered in accordance with 
the foregoing enumeration. It seems hardly likely that the observed 
linearity is due to a coincidence, although there was evidence during the 
experiments with hydrogen that complete equilibrium between the metal 
and the gas was not attained. Thus too much reliance should not be placed 
on the points numbeted (2) and (4). The whole question, of course, calls for 
further investigation. It is interesting to note that the value of a, or — ui/ao* 
is of the same order as that for the negative emission. Data taken from fig. 8 
give 

If the change in the negative emission constants is so intimately connected 
, with the contact difference of potential as we have supposed, one might 


* ‘ Phil. Tram/ A, vol. 207, p. 60 (1906). 
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expect an effect of a similar order of magnitude on the positive emission, on a 
number of different views as to the precise nature of the latter, 



Fia. 3. 

Some Ocmral Conmlemtiojis. 

The matter which has been had under consideration suggests a number of 
interesting points which, unfortunatel)% can hardly be^ discussed with profit 
at present on account of the meagreness of the experimental data. It may, 
however, be permissible to point out that if the change in the emission 
constantvs for platinum which is caused by hydrogen is an effect of positive 
hydrogen ions present in the surface layer, it is equally likely tliat the 
contrary effect with tungsten in various gases is due to negative ions, 
originating from the gases, wliich are in a similar condition to the positive 
ions in the case of platinum. In any event it seems improbable that the 
effects are not attributable to a similar cause acting in opposite senses in the 
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caae of these two metals. In this connection it is interesting to notice that 
the effect of hydrogen on the constant ao for the i;)ositive etnissiou from 
platinum is opposite to that for the negative emission for this metal, and is 
in the same sense as that for the negative emission from tungstien. These 
differences are to be ex[>ected if it is a question of the sign of dissolved or 
adsorbed ions. 

In concluding, the writer ventures to hope that the considerations which 
have been brought ibrwanl will help to introduce some degree of orderliness 
into the experimental values of the emission constants, which, it must l>e 
admitted, are at present somewhat incoherent. 


General Equations for the Neniralisation of Dihasiv Acids ^ and 
their Use to Calculate the Acidity of Dilute Carhonate Solutions, 

By E. lb E. Tjudeaux. 

(Communicated by Prof. F. G. Donnau, F.R.S. Received May 26, 1915.) 

The numerous equations wdiich have been ]>roposed to express the e<]ui- 
librium of acids, bases, salts, and their ions are generally convenient to apply, 
since in each particular case different simplifying assumptions can be made. 
The subject has now reached a stage, however, at which those can be replaced 
by equations of a more general nature. 

Practically the most important cases are those of the mono- and poly-basic 
acids combined with strong monacid bases, which furnish the bulk of those 
mixtures of balanced hydrion ooncoiitration which are used in })hy8iological 
chemistry and also effect the physical regulation of the physiological fluids 
themselves. 

The relation between the stage of neutralisation and the hydrion concen- 
tration of these acids is such that, usually, only two dissociation constants 
need to be considered. Thus the constants of a tribasic acid, such as 
orthophosphoric, are each one of a higher order of magnitude than that which 
precedes it, and at the stage of neutralisation at which the third constant 
begins to have an effect, that of the first is inappreciable. The general 
equation for a weak dibasic aqid will alone be considered in what follows 

This will dissociate in the steps— 

(H-)(AH') =: Ki(HaA), 

(H*)(A'0 «Ka(HA'> 
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The degrees of dissociation oti and «3 may be defiped as the ratio of the 
primary (HA') and secondary {A*') ion respectively, to the total acid in any 
form of combination, i.e. as ions, undissociated acid and undiseociated salt. 
Hence (HA') = «iC, (A") = asC. 

In the simplest possible case* the total concentration is such that the 
dissociation of all salts may be taken as unity. If at the same time the 
concentration is not so low that the production of the hydrion and hydroxyl- 
ion necessary for the equilibria causes a rearrangement of a considerable 
fraction of the salt present; then it has been shown by Michaelis^ that — 

= 

’ (H7+X,(H-) + K,K/ 

" (H-)NK,(H-)+KiKa 

If the total acid concentration is C, then the ionised part is «iC, etc,, and 
the number of equivalents of ionised acid are equal to the added base. 

Hence = K = + 

mols. acid C 


And the expression above may be transformed into 


It = 


l + K8/(H-) + (ir)/K,"^l + (H-)/Ks+(H-)»/K,K,- 


( 1 ) 


This formula does not give qui^e accurate results when the total concen- 
tration is high, and especially at high alkalinities. It fails altogether at very 
low concentrations. 

In order to include these cases also, an extension may be made of the 
method ax)plied by the author to the correction of the third diesooiation 
constant of orthophosphoric acid. 

The ratio (R) of equivalents alkali to mols. of acid is equal to 


Also 


(NaHA) + 2 (NajA) 4- (NaOH) 
(NaHA)+(Na,A)+(H,A) ' 

NaHA = (HA')/«i, (NajA) (A")/«», 


(NaOH) ® 


(OH') _ K«, 

«3 


( 2 ) 


in which uy, a.% now stand for the fractions dissociated, not of the total acid, 
but of the primary and secondary salt. 

By the help of these, and of the ionic equations 

(H-)(HA') = Ki(H3A), (H-)(A") = K,(HA'), 


* ‘Die WasseretoiSoaen KomeatnitioD,’ p. 30. 
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all the terms of equation (1) above, except the third term of the numerator, 
may be transformed into terms containing either {N*aHA) alone or (Na^A) 
alone. 

By the first method 


p _ (NaHA)-h2Ka(NaHA)ai/(H;)«2-h 
' (NaHA) + K 2 (NaHA)«i/(H*)aH (H‘)(.VaHA) uxjKy * 

By the second method 

P _ 2(Na2A) + (H‘)(NaaA)«a/K3ai + lW(H 

(Naa A) -f ( H * ) (Na,aA) «3/:K2«, -f (H* (Xa^A) aa/KiKa * 


(2.0 


(26) 


Or dividing througli by (XaliA), etc., 

H = 3 + 2 Ka«i/(H*;) aa-f K. ./(H 0 (NaH A) 
H-Kaai/(H 0 a 2 + ( H*)ai/Ki 

p 2 + (H0«2/K2«, + K,7(H‘)(Na2A)«:, 
l4'(H-)«3/K2«i+TH*f«2/KiK2 * 


If the third tenne of the numerators are omitted, and the simplifying 
assumptions of p. 536 arc introduced, it may easily be shown that either 
of these equations becomes identical with the transformed Michaelis' 
equation (1). 

If the equations Sa and 3h are used as they stand, the former is suitable 
for solutions containing only small proportions of alkali, the latter for 
solutions containing small proportions of acid. The two give identical 
results for solutions containing moderate proportions both of HA' and of A". 

If the total concentration is moderate, (NaHA) and (NajA) in the third 
terms may be obtained with sufficient accuracy from the amounts of acid 
and alkali taken. 

Dilute Solutiom . — At higher dilutions, the hydrolysis appreciably affects 
the amounts of primary and secondary milt. The third terms of the 
numerators must then be expressed differently. 

Let C, as before, be the total concentration of ILA and its ions. 

Then either A" or HgA wdll be vanishingly small in comparison 'to the 
other two forms of combination. 

Which form may be neglected is easily to l>e determined by means of the 
Ki and K» equations on p. 536 combined with the value of (H“) chosen. 

In the more acid solutions 

0 = (HA')-f (H^A). 

And, since ionisation is practically complete, 

(NaHA) * (HA'). 
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Or, substituting for HjA its value , it follows that 

IVi 

(HAO = (NaHA) = 

Similarly, it may be shown that in the more alktiline solutions 

(A-) = (Na.A) = g^. 

The complete equations for high dilutions become 

„ _ l + 2X,/(H-)+K„{K,+(H-)}/(H-)KiO 
1+K2/(H-)+(H-)/K, 

„,U1 v ~ l^ + (H-)/Ka+ K«, {K,-KH-)} /(H/) K,C 

l+(H-)/Ka+(H7/K,K2 


(4a) 

m 


These equations are the quantitative expression of the fact that extreme 
dilution increases the amount of alkali required to })roduce a given value of 
(OH'). The third term of the numerator is a measure of the extent to which 
the hydrion concentration of a given partly neutralised acid varies with 
the dilution. 

Jppliccdion to Carho7iic Aoifl—The carbonate equilibrium is the chief 
physical agent which regulates the hydrion concentration, not only of 
physiological fluids, hut also of the hard waters, fresh and salt, the acidity of 
which has so intimate a oonnecfcioxi with the growth of plankton and other 
simple organisms. This acidity may in most cases be directly determined, 
but the determination is sometimes inconvenient. 

In an important research, e.^. by Bronsted and Lund* on the physical and 
biological conditions of Danish lakes, the amount of COs and of CaO has 
been determined in eacli case, but not the acidity of the water. The use of 
the equations will, it is hoped, enable the missing datum to be supplied in 
cases such as these. 

The acidities of carbonic acid at different stages of neutralisatiozi as 
determined by Auerbach and Pickf and others, may now be compared with 
those (?alculated by the different formulae given above, using Ki = 3*04 x 10*^, 
Walker and Oormaok, and Kjj =? 6 x Shields, Koelichen, McCoy, 

Auerbatdi and Pick {loc. nL), 


Experimental Values at C = 0*2 mol, HgCOs per litre. 


R 

1*00 

1-06 

1*10 

1-20 

1 * 3 (> 

1*40 

1*60 

1-00 

-log(H') 

- 8 '85 

8 '00 

9*16 

9-45 

9-66 

9*08 

10 *10 

10-86 

B 

« 1*70 

1‘80 

1*90 

2*00 





-log(H-) 

- 10*46 

10 '66 

11 '00 

11^69 






‘Chem. Phya. Uutersueh ungen der Diinischen G^ewiiaaer,' 1912. 
t * Arb. aua d. Kaia, Gesundlieitsiwnt,’ 38, (4), p 682 (1912), 



589 


the Neutralisation of Dibasic Acids. 

The first Table given below has been calculated from formulee 8a and 35, 
p. 637, using s= ar 0'8 and as = 09 in a 0*1 molar solution. The second 
Table is from the simplified formula 1, p. 536. The two give almost identical 
results in the middle of the neutralisation curve at*(H*) sr 1 x 10"^®. But 
in the more alkaline solutions the introduction of the third term makes a 
considerable difference. 

Thus by interpolation on the curves, — log(H‘) = 11*T from the general 
formula, and 12*3 from the simplified formula at E = 2. The former thus 
gives a better agreement with the experimental values of Auerbach (1T4 at 
(NuaCOa) = 0*05) than the latter. 






Table 1. 





-log (ir) 

- ( 8 - 75 ) 

» . 5 

•00 

6 00 

6*70 

7 *00 

7*80 

8-00 

9-00 

w 

- ( 0 - 0 ) 

0 

■087 

0-27 

0*66 

0-79 

0 ‘ M 9 

0*96 

1-06 

-log(H-) 

=. 9 -SO 

10 

•00 n-00 

11 SO 

12 ‘00 

12 *30 



B 

.» 1 16 

1 

CO 

1-80 

1-97 

2 * 05 j 

2-185 







Table II. 





>log(H*) - 8 76 

5*00 

6-00 

6 •70 

7-00 

10 ‘00 

11 '00 

12*00 

12 ‘8 

R 

^ 0‘00 

0-03 

0-24 

0-60 

0-76 

1 -375 

1-86 

1 *98 

1-99 


Dilate Garhonate Solutio7 {,$. — The calcTilation of the acidity of solutions, of 
which the total concentrations are lower than those of CaCOg, etc., in 
presence of the specified amounts of HgCOa, are, of course, equally applicable 
to carbonates of the calcium grouj) aa to those of the sodium group. There 
are a few experimental values of the (H*) of hard waters which will serve to 
check the accuracy of the values in Tables III and IV, which are based pu. 
equations 4a and 45. 

Table III. 

C = 0*001 mol. HaCOa per litre. 


-log(H’) 


(4 •76) 5 -00 

6-00 a -70 

7-00 

8*00 

9*00' 

10 -Of? 

B 


(0 00) 0 -03 

0 -23 0 -60 

0-76 

0*975 

I'OO 

1*44 

-log(H-) 

- 

10 -60 11 -00 






B 


i-m a -so 









Table IV. 








C = 0-0001. 





-log(H-) 


6 -26 6 -60 

6-00 6 -70 7 -00 

8-00 

9 ’00 

10 00 

10*60 

B 


0-00 0 08 

0-28 0-00 0-76 

0-88 

1*12 

2*01 

8 -OS 


In a O’GOl molar solution of NusOOs Auerbach {loc. cit.) found 

(OH*) s= 0-27 X 10-» .'.(H*) = 2-37 x 10-“. -log (H‘) = 10-63. 

The solubility of CaCOs(oaloite) is, according to Schloesing* and Kohlrausoh 

* * Comptes Bsudus,' voU. 74, 75 sad 90 (1S72 and 1660). 

VOi. XOl.— A. 2 X 
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and Rose,* 013 lugrra. mola. per litre, McCoy and Smith estimate it as 
0 166, and Kendalf as 01433 at 25° McCoy and SmithJ state that the 
alkalinity of this solution corresponds to — log(H’) =» 9*96, while the inter- 
polated value on the curve at C = 0*0001 is 10*1, This point is difficult to 
realise experimentally. Two determinations were made by the electrometric 
method of the hydrion concentration of water saturated with Iceland spar 
and docinoimal with respect to NaCl or KCl. 

First resvrlt (H*) = 9’3 x 10 “^h Second result (H‘) = 4 x lO"'^^ 
--log(H‘) = 10*03. -log(n’) «= 0*40. 

The saturation was effected by a current of air free from GOjj in the first 
case, by shaking in a silver bottle in the second case. 

The experiments were made in the Muspratt Laboratory, Liverpool ; the 
second in conjunction with Mr. J* Twomey. 

The alkalinity of filtered CaCOs solution (without chloride) was also 
measured by the colorimetric method (using phenolphthalein), botli in deep 
Nessler glasses and in a Donnau colorimeter. The comparison solution was 
an alkaline phosphate of which (H’) = 7*1 x 10"’*^ The mean of five 
measurements gave for the carbonate solution (H*) = 4*3 x 10 ”^^. 

An unsteadiness in the results is to be expected, both on account of the 
slowness of the heterogeneous equilibrium, and on account of the extreme 
sensitiveness of the alkalinity to traces of H 2 CO 3 in this part of the curve, 
which is accentuated by the high dilution. A discrepancy between the 
observed and calculated alkalinities of sodium acetate has been accounted for 
by Walpole on similar grounds.! 

The acid jmrt of the curve may be tested by the help of the measurements 
of Walker and Kay.ll Waters of different ” degrees of hardness*’ made from 
standard lime-water were brought into equilibrium with the COs of the air, 
and tl>e acidities were measured by a colorimetric method : — 


Concentration of carbonate expressed 

(H). 

as inoloouleB OaCOj. j 

0 %', 

1 xlO-* 

o'O.e 

1 -1 , lo-f 



* * Zoitsch. f, phys. Chem,/ volft. 12, 44, 64 (1S93-1903). 
f * J. Auier. Chein. vol. 33, p. 468 (1911). 

I ‘ Thil. 1, p, 958 (1912). 

§ ‘ Trane. Cftiem. Soc./ voK 105, pp. 2502, 2511 (1914). 

II * J. Soo. Chem. Ind./ vol. 31, p. 1014 (1912)* 
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These figures suffice for a calculation of the degree of neutralisation R, for 
tJie total alkali (in equivalents) is 0*001 and 0 * 0001 , and the saine figure 
represents the bicarbonate ion concentration (HCOs'), since it can be shown 
that the fraction of original HCOa' fonning HaCOa is negligible at the 
hydrion and total concentrations given. The excess of carbonic acid, HaCOa, 
should be that which is in equilibrium with the CO 3 pressure of the air, 
by Bohr and Bock’s results T35x 10“^ 

It may, however, be derived with more certainty from the constant of the 
homogeneous equilibrium 


(HaCOa) = 


(ir)x(HCOB') 


This gives in the first case 


(HaC03)=:= :i‘29xl0“"^ 

and in the second case 

(H^COa) = :^6 :^xl 0 -^ 


Introducing these values, the ratio li is found to bo in the Mrst case 0*97, 
and in the second case 0*73, 

The values of the ratio from the general equation at the given acidities 
C 0*001 and C = O'OOOl, arc 0*98 and 0*75 respectively. 

If, however (HaCO^) is calculated from the absorption coefficient of the 
gas-liquid equilibrium as above, the calculated value of K in the second case 
falls right off the curve. 

The observation that (HaCOg) calculated from the homogeneoiis is slightly 
greater than tliat calculated from the heterogeneous equilibrium has been 
made by several investigators and has not yet been adequately explained. 

It is clear from all the evidence that has come under the author’s view that 
the data of the heterogeneous equilibria, i.e. pressure of CO 3 and solubility of 
CaCOn, oan only be lused with great caution to calculate (H’) by means of the 
(H^COa) and (C'aCOa) (solubility product) which are supposed to be in equili- 
brium with the gas and solid phase restiectively. On the other hand, the 
analytical data, total concentration of HuCOa and of alkali in a homogeneous 
solution, can he so used with considerable confidence. The easiest method 
of employing the equations is evidently to plot a sectitm of the curve corre- 
spoudiug to the known carbonic acid concentration, choosing values of (H’) 
above and below that which is to he expected. The ordinate from the value 
of B found then gives the correct figure. 


2x2 
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NOTES ON DIAGRAM. 

Ordinates ^ -* log (H*). Left-hand tnnnbars refer to upper curves, right-hand to lower. 
AhscissiB ^ mtio alkali to add. Upper numbers reefer to upper curves, lower humbers to 
lower curvea, 

Uppar Curves. 

4- -f- and plain line — values calculated by formulie Snt ^ 

and 36 latC»=Oi. 

X X and dotted line— values calculated by formula 1 J 
0O Auerbach’s values at C 0‘2. 

+ + and bioken lino — values calculate<l by formulaj / at C 0*001 upper. 
ia and 46 t at 0 ~ 0 000) lower. 

Lower (7wrrt!«— Dilute carbonate on larger scale. 

4- + and plain lino— values at C 0*001. 

4- 4 and broken line — values at C 0*0(K)1. 

O O experimental values as quoted. 

N.B. — The third points in Tables I and II have been erroneously plotted as 0*17 

and 0*14. 


Volatilisation of Extremely Thin Radioactk'ie Deposits, 

By A, B. Wood, M.Sc., Oliver Lodge Fellow and AssieUnt Lecturer in 
Physics, University of Liverpool. 

(Communicated by Prof. Sir E. Rutherford, F.R.S. Received July 1, 1916.) 

Introdudion, 

Within the last few years papers dealing with the volatilisation of 
radioactive substances have been published by various autliors. The 
principal aims of the experiments described in those papers may be 
classified under three heads : — 

(a) To determine the temperatures of volatilisation of the various members 
of the Active deposits of radium, thorium, and actinium ; in some cases with a 
view to the classification of these substances in the periodic system. 

(i^) To prove that these extremely small quantities of matter form definite 
chemical compounds in a manner similar to that of the commoner elements. 

(c) To separate the various members of the series from one another. 

Other interesting results, which throw light on the phenomena of 
volatilisation, have also been reported, but these have always formed a 
subsidiaiy part of the researohes described. Makower* determined the 

^ Makower, *Manch. lit and Phil. Soc.,' vol. 53, Fart II (1009), and *Le Radium/ 
vol. 6, p. 60 (1909). 
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temperatures of volatilisation of radium A, radium B, and radium 0, in air, 
and showed that the effects observed depended to some extent on the nature 
of the surface on which these substances were deposited. 

Schrader * * * § working with the active deposits of actinium and thorium, 
found that volatilisation commenced at a much lower temperature if the 
platinum wire coated with the active deposit were first exposed to an 
atmosphere of chlorine. He also put forward the view that, in consequence 
of the production of ozone by the «*partioles, oxides are formed of the 
components of the active deposit. This explanation cleared up the 
mystery with regard to the great divergence between the results obtained 
by EusBcllf and those of Makower, previously mentioned. 

Kesults of a similar character have also been described by Barratt and 
Wood,J and more recently by the author.§ 

These authors have also shown the possibility of separating radioactive 
substances which have not yet been separated by other methods. 

One feature, common to all the experiments mentioned, is the inference to 
possible sources of error in the determination of volatilisation temperatures. 
Hence it api)eared to the author that an investigation of a few of the most 
important factors which may influence the volatilisation of these exceedingly 
ishin films was desirable. 

It is necessary, in an investigation of the nature just mentioned, to choose 
some substance whose behaviour when heated to various high temperatures 
is fairly simple. In addition to this, the tehaviour of this substance must 
be typical of the other substances of the satne character. Barratt and 
Wood, in studying the volatilisation of thorium B and thorium C, showed 
that the curve connecting the amount volatilised with temperature was 
quite simple in the case of thorium B, whereas the curve for thorium C wews 
more complex. The author has also shown that the volatilisation curve 
for thorium I) is similar to that for thorium B. We may thus reasonably 
assume that tiie volatilisation curve of thorium B is typical of tiiat for any 
single constituent in the active deposits of radium, thorium, or actinium. 

Consequently thorium B is the substance employed in the present 
experiments for an investigation of the various influences which affect the 
volatilisation of the active deposits. 


* Schrader, ‘ Phil. Mag.,* voL 34, p. 125 (lftl2). 

t KuBsell, "Phil. Mag.,* vol. 24, p. 134 (1012). 

I Barratt and Wood, *Phyft. Soc. Proc.,* vol. 26, pp, 248-2fl0 (fun«, lfil4X 

§ A. B. Wood, * Phil. Mag./ voi. 26, pp. 808-618 (December, 1W4X 
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Apparatus and Expi^rimmtal Fromiwre, 

Tho apparatus employed is shown diagrammatically in fig. 1. electric 
iumace, whose temperature could be measured accurately by means of a 
platinum thermometer and Callendar-Griffiths bridge, was used to heat the 
active nmteiiuL The furnace and thermometer have been descrilnjd in detail 
in a previous paper.^ 



aa. Porcelttin lining of furnace. pt Platinum tbornmrueter. 

hb. Fused ftilica tube. dd, Liglit nirkel apoon. 

e. Tap connecting to pump and pressure gauge. 


Temperatures above 1100*^ C. were estimated by extrapolation of the 
curve connecting temperature and current through the furnace. The active 
substance was placed inside a tat>e of fused silica, closed at one end, arranged 
centrally in the furnace and symmetrically with regard to the platinum 
thermometer (see fig. 1). By means of a long nickel spoon, fixe<i to a ground 
glass joint which closed the cold end of the tul)e, the active material could 
be introduced or removed quickly from tho silica tube. The nickel spoon 
was of very small heat capacity, and attained the temperature of the furnace 
in a very short time. This point is of importance, and will be referred to 
later (see Section 3). The silica tube was connected by means of a side 
tube to a vacuum pump and pressure gauge, thus making it possible to boat 
the active substance at any desired pressure. This arrangement also proved 
extremely useful in evacuating the tube between successive experiments, in 
order to remove any volatilised active material which would necessarily be 
present in the tube. A strongly emanating source of radio-thorium 
(equivalent in activity to 1 mgrm. of radium bromide) was used as a supply 
of active deposit. By a simple arrangement this could be obtained on one 
side only of the plate exposed to the emanation, and by varying the 
conditions of exposure a considerable range of activity could l>e obtained. 
In all experiments, except a few of those described in Section 2, exposures 
were made without electric field, a thin layer of tissue paper separating the 
radio-thorium from the metal foil, so that the possibility of thorium X 
being deposited on the foil was reduced to a minimum. The active deposit 


♦ A B. Wood, loc, cit 
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obtained in this way decayed accurately with a period of 10*6 hours, thus 
proving it to l)e free from thorium X. All measurements of activity were 
made by a-rays, an electroscope of the Ruthej'ford pattern being used for this 
purpose. 

Before commencing to take activity measurements, the active deposit 
was allowed several hours (generally overnight) to attain equilibrium. The 
following procedure was adopted in the determination of the percentage of 
thoiium B volatilised. Equilibrium having been attained, several readings of 
the activity were taken and the mean time of observation noted. The deposit 
was then placed in the nickel spoon and introduced into the furnace for the 
desired interval. When a period of not less than six hours had elapsed after 
the removal of the active deposit from the furnace, the «-activity was again 
nmaaiired and at the end of this time the unvolatilised portion of the deposit 
had again attained equilibrium.* From the observed and calculated values 
of the activity at the time of the second set of measurements the percentage 
volatilised is easily deduced. At the end of every experiment similar to the 
one just outlined, the silica tube was evacuated to a pressure of about 2 cm. 
of mercury in order to free it as far as possible from the volatilised portion of 
the active deposit. 

Factors Injlueming Voliitilviatioyu 

Earlier experiments have shown tliat the volatilisation of a thin film of 
radioactive matter varies enormously with the conditions to which it is 
exposed. For example, the kind of surface on which the film is deposited has 
H marked effect, whilst several experimenters have recorded notable variations 
witli different gases on the furnace tube. It is unnecessary at this stage to 
enter into a discussion of numerous other sources of influence on this pheno- 
menon, but the following list will serve as a guide to some of the principal 
factors which have been investigated in detail. The effects of variation 
on the following conditions have been studied : — 

1. Nature of the surface on'which the active substance is deposited. 

2. Thickness of the layer of active material. 

3. Period of heating. 

4. Temperature. 

5. Pressure of the surrounding gas. 

6. Nature of the surrounding gas. 

The first five of these factors will be considered in the order given above. 
The consideration of the sixth, the influence of the nature of the gas 
surrounding the active material, will be discussed in a later conununication, 

* Bee paper by Barratt and Wood, loc, dt 
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1* hiflupMe of Surface. — Before investigating the other factors which may 
^influence the volatilisation of the thorium B, it is necessary to choose a 
Buitable surface as a support or base '' for the deposit. Barratt and 
iPPood showed the necessity for a perfectly clean surface, since a tlun film of 
^pease, or other substance which easily volatilises, will carry away the active 
material with it. It is essential then to use some substance as base which 
oan be cleaned easily and thoroughly, either by heating or by treatment with 
acids. Platinum and quartz are both ideal in these respects. It is interesting, 
however, to examine other substances as to their suitability. Substances 
whose melting points are below 1000*^ C. can at onoe be dismissed ; again, all 
substances the volatilisation of which is detectable below this temperature 
.are unsuitable.* 

Makowerf in his work on the volatilisation of radium C from surfaces of 
nickel, platinum, and quartz has shown that vobitilisation of the active 
substance is appreciable in all cases between 700"^ and 800° C. All the 
radium C was driven off nickel and platinum at 1200° C. but not from tlie 
quartz till a temperature of 1300° C. was reached. Barratt and Wood, 
using thorium active deposit, confirmed this observation of Makower that the 
initial temperature of volatilisation was the same whether the active substance 
was deposited on quartz or platinum ; but found it impossible to volatilise 
the whole of the deposit from either quartz or platinum even after prolonged 
heating at 1300° C. These oonclusionH are strongly supported by the results 
of the present experiments. It was found that after heating the active 
deposit on platinum for 10 minutes at a white heat (temperature estimated 
at 1600'^ C.) in the blowpipe flame there still remains an appreciable amount 
of thorium B unvolatilised. A similar result was obtained when quartz was 
used as the base. With regard to this imvolatilised portion of thorium B, the 
following experiment is instructive. A platinum foil coated with thorium 
active deposit wms heated for about 60 minutes at 1200° C. and approximately 
99 per cent, of the thorium B volatilised. The portion remaining on tlie 
platinum foil, ic. the 1 per cent, was allowed to attain equilibrium, when it 
was again heated for the same time at 1200° C. It was found now that only 
18 p&T cent, of this remaining portion of the original deposit was volatilised. 
These observations seem to indicate that a certain fraction of the molecules of 
the active deposit ate held to the surface of the platinum by forces of 
cohesion due to the molecules of platinum in their immediate neighbourhood. 
Possibly this small j)ercent«^e of the active deposit has penetrated below the 

A list of elements with their melting points, lx>iling points, and tenqHsratures of 
imtial volatilisation is given in a table in Kaye's ' X-i'ays.' 
f Makower^ * Manoh. Lit. and Soc./ yol 53, Part II (1909). 
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surface molecules of the platinum by the process of radioactive recoil. Tbus^ 
when exposing the platinum plate to the emanation, an atom of thorium A 
on expelling an ^-particle might, by its energy of recoil, travel a distance* 
equal to the depth of several layers of molecules below the platinum surfaoi; 
This recoiling atom of thorium B disintegrates (with emission of a soft ^-ray) 
into thorium C without apjjreciably changing its position ; then, when the 
atom of thorium C expels an a-particle, the recoiling atom might either 
penetrate still further into the platinum or make its escape again from the 
surface. Another possible explanation of the phenomenon is that the 
molecules of the active deposit and platinum conceivably intermingle near the 
surface on account of the energy of heat motion at these high temperatures, 

Beceiit work by Koberts* has shown that platinum, or one of its oxides, 
is volatilised at temperatures between 1000° C. and 1200° C., hence it is 
quite probable that a small portion of the active deposit is oaiTied off by 
this means, in addition to the normal volatilisation. 

When the active material was heated on a nickel surface, the effects 
observed were very conflicting. The temperature at which volatilisation 
commenced agreed fairly well with the temperatures noted when platinum 
and quartz surfaces were used. At higher temperatures, however, large 
divergences were sometimes observed — the results seeming to depend on the 
condition of the nickel surface before exposure to the emanation. Thus it 
was noticed that the results were more consistent when the nickel surface, 
before exposure to the emanation, was oxidised by heating strongly in a 
blowpipe flame. 

The following shows the result of a series of experiments using nickel and 
platinum surfaces : — 


(1) First Heating at 1200° C. 


Surfftce. 

Time of heating. 

Percentage thorium 0 
remaining. 

Peroentoge thonum D 
remaining. 


1 min. 

1 


Platinum 

i eo 

1 8 

1 1 



j n 

i 

j «*6 


After equilibrium had again been attained, the foils were reheated. 


♦ Roberto, * Fhil. Mag.,' 6, vol. 25, p. 270 (February, 1013). 
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(2) Second Heating at 1200° C. 


StirfiMie. 


Hfttiuum ! 

iNiokfil (now oxidised ) ' 


Time of heating. 

Percentage remaining 
Uiorium C 

' thorium C Itfft 

from(l)). 

Percentage remaining 
thorium B 
(Kf!. thorium B left 
from (1) 

1 

mio. I 

] 


60 1 

82 

70 

60 j 

H9 

76 


A tliird boating in the blowpipe flame (temperature between 1500^ C. and 
1600° (.?,) Hhowed that there was a large percentage of the active deposit left 
from (2), still unvolatilised. It will be clear from these results that it is 
with only very great difliculty that the last 2 or 3 per cent, of the active 
deposit cun be volatilised. Again, it is more difficult to remove the active 
deposit from nickel than from platinum. As one would expect, the nickel, 
on removal from the furnace at these high temperatures, is always coated 
with a thin film of black oxide, which renders this substance unsuitable as 
a base for several reasons — in particular, the complication of the a -ray 
measurements due to the absorption in the oxide film. Again, volatilisation 
of this film might introduce serious errors in the measurements. A sui'face 
of iron or steel is objectionable for similar reasmis. 

Using copper and brass surfaces this trouble of oxidation was still 
further increased, the comparatively low melting point of copper (1084° C.) 
being another serious objection to its use at high teinperatm^es. 

The metals osmium, iridium, and tungsten would be excellent for the 
purpose, since volatilisation of these elements has not been detected below 
1400° C. m vamto^on account of their expensive nature, however, they were 
not used in the investigation. 

From the above considerations it is clear that platinum and quartz are 
the most suitable materials to employ in a reseaixjh of this kind. On account 
of the ease with which it can be cleaned and manipulated platinum has been 
used as base for the active substance in all the experiments subsequently 
described. 

2. DcTmty of the Depoeit — When referring to such minute quantities of 
substance as the active deposits from the various radioactive emanations we 
cannot use strictly the term “ thickness.” Assuming a uniform distribution 
of particles, a simple calculation of the thickness of a very active la 3 'er of 
thorium active deposit, equivalent in ^‘aciivifcy to 7‘5 mgm. of radium 
per square centimetre of platinum, shows that only one thousandth of the 
pUtinum surface is covered by a layer one moleoule deep, ie. for every 
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thousand surface molecules of the platinum there is only one molecule of 
motive deposit. Hence it seems advisable to use the term “ density of the 
•deposit ** where density indicates the number of molecules of active deposit 
per unit area of surface. It will be at once clear that this term is used in 
a relative sense ; thus when one layer of active deposit is said to be 
ten times the density of another, a comparison is mad© between the number 
of molecules per square centimetre in the two cases. 

It is well known that iu the case of volatilisation of metals such as iron, 
gold, or platimjm, the amount volatilised is proportional to the time of 
heating and to the surface area exposed. This is far from being the case, 
however, in the volatilisation of minute quantities of matter such as we are 
now considering. It will be shown later that the amount volatilised is not 
a linear function of the time of heating. 

There are two methods open to us for varying the density of the deposit t 
ia) by varying the time of exposure to the emanation, without employing 
an electric field ; (6) by exposing for different times with an electric field. 

(а) By comparing the 7-activity of the active deposit with that of a 

standard source of radium, a simple calculation gives us the approximate 
number of active deposit molecules per square centimetre. Variations of 
exposure from I to 40 hours have been made without electric field, repre- 
senting a range of density from 1*5x10^^ to r5xl0^^ active deposit 
molecules per square centimetre — the n.umber of platinum molecules in a 
surface layer being of the order No regular variations in the amount 

volatilised with change of density of the deposit were observed, all 
differences being well witliin the experimental error. Hence, under these 
conditions, the volatilisation is independent of the time of exposure to the 
emanation. 

(б) If an electric field is used when exposing to the emanation, the density 
of the deposit can be increased to about one hundred times the maximum 
possible by method (a), ie. to a density of about 10^^ molecules per square 
centimetre. 

Now, however, fairly large and almost unaccountable variations occur. 
Several explanations of these variations can be suggested. They loaay be 
due (1) to the collection of charged dust particles or other nuclei, coated 
with active deposit, (2) to the formation of charged aggregates of active 
deposit, and to the non-uniformity of the layer of active deposit collected by 
this method, as compared with that obtained by the ordinary process of 
diffusion. In all cases, however, the amount volatilised from a plate 
exposed, till equilibrium is reached, by method (J) is greater for short 
periods of heating than that volatilised from a plate exposed by method (a). 
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This gives strong support to the view that dust particles or other nuclei* 
coated with the active deposit have been collected on the plate by the 
electric field used in (ft) — consequently, when such a plate is introduced into* 
the furnace, the dust burns rapidly, and carries away the active deposit with 
it* This question will he discuBBecl later (see Section 3). The following 
Table gives a comparison of a series of results obtained by the two methods' 
just outlined : — 


Time 

of heafcinfc, 

\ 

Pfreentago thorium B volatilisod at 79 5*^ CJ. | 

Platinum foil exposed to emnnation without 

<?leotric field. 1 

1 

Kxpo^ure to Hmanation 
tof/h elfotric field. 

2 Iioum’ exposure. 40 hours’ exposure. 

24 hours’ exposure. 

min. 

' 


5 

82 j 27 

52 

15 

60 ! 58 

81 

, 30 

7« 81 i 

88 i 

* m 

SB 1 87 

1 

90 j 


The above remarks must be modified, of course, when we are considering 
the volatilisation of the portion which remains after the platinum and active 
deposit have been once he/ited to temperatures over 1000° C. — this has been 
explained in Section 1. For experiments of this cliaraeter the results are 
always the same, whatever the density of the original deposit 

It appears, then, that the most consistent results are obtained when the 
platinum* foil is exposed to the emanation without electric field, the 
volatilisation in that case being practically independent of the time of 
exposure. In all subsequent experiments the active deposit was collected 
by exposure to the emanation for six hours without electric field. 

3. Variation of Period of Heatiia ^. — A point of great inqxirtance in the 
study of the problem of volatilisation is to determine the rate at which the 
active material is removed from the surface. 

The experimental procedure was as follows: After the furnace had 
attained a steady state (usually after about 2 hours* preliminary beating)* 
the active deposit, previously measured, was introduced into the furnace for 
a definite period, by means of the nickel spoon. On removal its activity 
was measured as explained above. The silica tube was then evacuated to* 
remove volatilised active deposit, and a second source of active deposit 
mtiroduoed for another difitereut period. This process was repeated until a 
series of observations had been made giving the relation between the time ot 
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iiteatiiag and the amount volatilised at a particular temperature. The 
temperature of the furnace was now altered to another value, and, after a 
steady state had again been reached, the above order of experiment repeated. 
It should be pointed out at this stage that the minimum time of heating in 
the furnace was about two minutes, on account of the small but appreciable 
time (perhaps 30 seconds) required by Jthe nickel spoon to attain the furnace 
temperature. This dithculty was surmounted, as far as seemed possible, by 
lining the spoon with a thin layer of asbestos, consequently the small piece 
of thin platinum foil would probably reach the furnace temperature in a 
much shorter time than that required for the spoon. 

The result of such a series of observations is shown in fig. 2. 



Tvo prominent features of these curves will be noticed at once. 

(1) The amount volatilised increases at first rapidly, then more and more 
slowly as heating is continued, i.r. the rate of volatilisation decreases rapidly 
with time of heating, particularly at high temperatures. 

(2) The initial rate of volatilisation increases very rapidly with small 
increases of tiemperature. This point is shown more clearly in fig. 4, which 
will be discussed in Section 4. 

Another, though perhaps less important, feature of these carves will be 
noticed from a consideration of the rate when a large percentage has been 
volatilised. A decided flattening of the curves becomes evident as the 
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4aimouiit volatilised approaches the maximum value, thus iudioating. that it 
would take an extremely long period of heating to muove the last traces of 
the thorium B — in fact, a similar curve (not shown in figure) at 1200® 0* 
runs practically parallel to the time axis, with 99 per cent, as ordinate. This 
gives further confirmation of the results mentioned in Section 1. 

The first explanation of the form of the curves which suggests itself is 
that they are exponential. It seems quite reasonable to suppose tliat the 
rate of volatilisation is proportional to the aiiiount of active substance 
present on the platinum foil at any particular time, Le. when we are dealing, 
as in this case, with a comparatively small niimter of molecules. The facts 
do not support this view, however, and it becomes necessary to look for some 
othei' explanation. Of course, it is quite probable that several factors are 
involved in the complex Ixdiaviour of the active deposit ; hence a considera- 
tion of the following hypothetical case may throw some light on the 
'problem. 

Suppose we could obtain on a platinum surface a layer of active deposit 
of measurable thickness (say 0*001 mm.). Let us consider what happens 
w^hen this layer is heated. Up to a certain critical point, & in fig. 3, one 



Zero thicknCMH at e. 

would exi>ect the rate of volatilisation to be constant, the amount 
yolatiliaed is proportional to the time of heating, but when tlie depth of the 
layer had decreased to one or two molecules the rate of volatilisation would 
begin to decrease, at first slowly, then more rapidly, until only those 
molecules of the active dejmit which are intenningletl with tlie platinum 
molecules are left. At this stage, d in fig. 3, the rate of voktiUsation 
decreases more slowly, since the remaining molecules are subject to a 
•different kw of force — the cohesion of the platinum molecules — from that of 
the active deposit molecules volatilised in the earlier stages. Fig. 3 is a 
dutgiummatic representation of the process just outlined The latter portion 
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of the » curve, between the points e and c, represents the result of an 
actual experiment similar to the one described at the beginning of this 
section. 

As was made clear in Section 2, the thickness of the active deposits ia 
always less than that at the critical stage h — consequently the rate of 
volatilisation is never constant initially. If the above suggestions are 
correct we shouW expect, on investigating very thick layers of active deposit^ 
to include more and more of that portion of the curve lying between the 
points h and c. Unfortunately, we have no sources of thorium emanation at 
present available, from which we can collect such thick layers of active* 
deposit by diffusion. Owing to the disturbing action of dust particles, when 
an electric field is used to increase the density of the deposit, the resulta 
obtained in such cases cannot legitimately be compared with those obtained 
by the diffusion method used in the above experiments. 

We now come to the second and, perhaps, more important feature of the 
curves shown in fig. 2, viz. the influence of temperature on the rate of 
volatilisation. The problem bears a close similarity to that of the emission 
of ions from a hot metal. Thus if we assume that the volatilised particles^ 
behave like a perfect gas, the calculation of the rate of volatilisation is 
analogous in practically all respects to that in the case just mentioned. 
Regarding the steady state as the result of a dynamical equilibrium between 
the molecules going from the layer of active deposit to the air and those 
going from the air to the deposit, we obtain the well-known relation 
connecting the rate with the absolute temperature T 

Rate = (1> 

where A and B are constants which can be determined experimentally. 

The expression for the rate, just given, was first deduced by Richardson in 
his researches on emission of ions from hot bodies, and was subject to the- 
condition that the number of free electrons per unit volume of the metal is 
independent of the temperature. He has since modified his views*' by 
assuming that the number of free electrons in the metal is proportional to 
Tf, whence 

Bate = AT*e-*vr. 

The assumption just mentioned was made in order to explain the observed 
values of the specific heat of electricity. More recently Riohardsont bae 
given another deduction of the second formula based on the quantum, theory,. 

^ Richardson, ‘Phil. Mag.,* voL 23, p. 604 (1612). 

+ Richardson, ‘ Phil Mag./ vol. 28, p. 633 (1914). 
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Planck* also has obtained the relaAm by consideration of the 

vapour pressure of a solid at very low temperatures, using tlie assumption 
that the entropy of the solid at these temi>erature will be practically 
independent of the temperature, while that of the vapour can be considered 
like that of a perfect gas. 

It seems very doubtful, however, whether the assumptions used by Planok 
wUI apply to the case under ooiisideration, i.e, to the evaporation of a metal 
at high temperatuim In this case, a lower power of the factor T would be 
exi>ected. 

Both the relations just given require that the rate should be constant when 
the temporatuie is constant, but, as we have alrearly seen, this is far from 
being the case, the rate varying considerably with the amount of material 
volatilised. 

Consequently we must introduce a factor ^ (N) into the expression foi* the 
rate, in order to make this quantity in agreement with observations— the 
function <^(N) expressing the rate as a function of the nuaxber K of 
thorium B molecules volatilised. We now have 

llaterr (3) 

where u s=s J or 2. 

The form of the function ^(N) has alimdy been discussed from the 
physical standpoint, hence we need only conoern ourselves with a considera- 
tion of the remaining factor. From observations of tlxe initial rate of 
volatilisation at two different temperatures the values of A and B in 
equation (2) can be calculated, and the rates at any other temperatures 
deduced. The following Table provides a comparison between the observed 
and calculated values of the initial rates at different temperatures. 


Absolute tempemture 

T. 

Observed rate. 

Coloukted 
rate, using reJatton 

Calculated rate from 

SOS 

<0 01 

Extremely smaU 

Extremely sitmll ! 

098 

0'6 

0*63 

0’59 

*W»l 

1 *4 

1-4 

1*4 

1083 

8*4 

a Si 

8 -4 

mo8 

S*0 

8*0 

8*0 

1133 j 

20 


16 

1803 

Veiy great 

980 

8$0 


* The oheerved rates at these temperatures were used in the oalcuiaticm of the oonstanis A and 
1 ia the •xpramms for the rate. 


♦ Max Planck, “ Die gegenwartige Bedeatung der Quautent^potheee fUr die kine- 
tische Qoetheorie,** * Vortr^e liber dk kizietkche Theorie der Materie tmd der 
ElwiridtiKt — M^enaotliche Vorkeungen on der Universitiit Gdttingen,’ VL 

vot. XCh— A, 2 V 
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Considering the extreme sensibility of the expressions and 

small changes of temperature, the agreement between observed 
and calculated values is good. It will be noticed, however, that the factor 
T* or T* has practically no effect on the value of the expression for the rate 
until the temperature reaches a high value — thus both expressions for the initial 
rate of volatilisation agree equally well. It is only possible, experimentally, 
to distinguish between the two forms when the temperature is in the neigh- 
bourhood of 1000"^ C. ; unfortunately at this temperature it is practically 
impossible to measure the initial rate. Similar results are found if, instead 
of using the initial rates, we consider the rates of volatilisation at a later 
stage of the process. Thus the rates of volatilisation at different temperatures 
when 40 per cent, of the activO material has been removed are in the same 
relative proportion as tlie initial rates at the same temperatures. This only 
holds, however, up to a point where about 80 or 90 per cent, of the thorium B 
is volatilised. Beyond this point, the whole process is changed on account of 
the effects previously discussed. 

The results of the experiments on the rate of volatilisation of the active 
deposit thus seem to support the view tlxat the volatilisation proceeds on 
similar lines to the omission of ions (positive or negative) from a heated 
metal. Other experimenters have shown* that there is a close similarity 
between the laws of disintegration of a heated wire and the leak of positive 
electricity from it. The present experiments support this view, although the 
only safe conclusion which can be given at present is that the formula for the 
volatilisation — besides containing terms varying more slowly — may be 
expected to contain the factor e^B/r where K is the gas constant and 

Q the latent heat of vaporisation : this result, of course, is well- known from 
ordinary thermodynamical considerations. 

4. Varuition of the Teniperainre . — From the point of view of interest this 
factor should have been considered earlier, bub for several reasons it seemed 
advisable to defer it until the questions raised in Section 3 had been 
discussed. Barratt and Wood (foe. cit.) investigated the question by heating 
thorium active deposit for a constant time (1^ minutes) at various accurately 
measured temperatures. Their work led to a result C. as the tempera- 
ture of volatilisation of thorium B. In the present experiments the 
procedure adopted was exactly the same — the constant period of heating in 
this case again being 16 minutes. 

Curve A, fig. 4, is a combination of the results obtained in the present 
work with those obtained in a previous research by Barratt and the author. 
The observations made in the present research are indicated in the figure by 

* See J. J. Thomson’s ‘Conduction of Blectricity through Oases.* p. 213, Chap. VIII, 
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a circle—tliose in previous work by Barratt and Wood by a combination of 
a circle and a cross. It will be seen that the two sets of observations are in 
excellent agreement, One important difference, however, should be noted* 
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Barratt and Wood. 


2 Y 2 
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The temperature of volatilisation, as given by Barratt and Wood, was 
slightly lower than 750° C/* — it is evident from the figure that if the main 
portion of the curve is produced to cut^the axis at T, the temperature 
obtained, 740° C., agrees very well with the value just given. This tempera-^ 
ture, 740° C., is that at which the thorium B begins to volatilise very 
rapidly. Below this temperature, however, a small amount of volatilisation 
is observed, but this quickly falls to a quantity too small for detection at 
about 680° C. Of course, the lowest temperature at which it is possible to 
detect volatilisation is even lower than this, bub In that case the time of 
heating must be considerably increased. The following ob*servatious at 
temperatures below 680° will illustrate this point : — 


Tompernfcure. 

Percentage thorium B rolatilisod on heating. 

(J) 16 niirmtee. 

(2) 60 minutes. j 

(S) 5 hours. 


”0. 


i 

t 



cao 

0 

1 1 

S 


650 

0 

0 ! 

1 

1 


The form of the curve A, fig. 4, is interesting. It will be noticed that the 
amount volatilised increases at first slowly, then much more rapidly as the 
temperature increases. When a fairly large percentage has been removed, 
however, the rate of volatilisation rapidly falls off with further heating at 
higher temperatures. Of course, a series of curves similar to the one just 
described could be constructed from fig. 2 directly. 

If the form of the function ^ (N) in equation (3), Section 3, were 
accurately known it would be possible to calculate the total amount 
volatilised in a given time at any desired temperature. 

■ 5, Va7'iatio7i of Presmire of the SurrounfUntf Oa &, — All the experiments 
described up to this stage have been earned out with the air at atmospheric 
pressure in the silica tube. Wo shall now consider the effects observed 
when the active deposit was heated at pressures considerably lower than 
this. After its a-activity had been measured the aotivo deposit on the 
platinum foil was placed on the nickel spoon and introduced into the silica 
tube. The air in the tube was immediately expanded into a bottle of large 
volume previously exhausted to the required pressure. Hence it was 
possible to obtain almost instantaneously any desired pressure in the tube 
by arranging that the volume of the receiver was very large compared with 
the volume of the silica tube. A series of observations of this kind, keeping 
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the time of heating constant (15 minutesX was made at different tempera- 
tures and pressures. 

The result of such a series of* observations at a pressure of 3 mm, is 
shown in curve B, fig. 4, Comparing the two curves A and B it is evident 
that the process of volatilisation takes place on very much the same lines in 
each case. Thus the slow initial rise, followed by the much steeper portion 
and ended by another slow increase, is characteristic of both curves, fn the 
** low pressure ” curve, however, tlie central portion is considerably Bteej)er 
than the corresponding portion of the " atmospheric pressure ** curve, 
indicating that volatilisation is much more rapid in the former case. 
Another diflerence between the two curves is the lowering (about 50° C.) of 
the initial temperature of volatilisation at low pressures. It should be 
noticed, too, that at low pressures it is still found practically impossible to 
volatilise the last traces of the active deposit. 

The following Table gives a few of the results Of a series of experiments 
carried out on the variation of the amount volatilised at different tempera- 
tures, the pressures varying from 760 mm. to 3 mm. of mercury 


, 

Fearcentege volatilised. 

Temperature. 

Pressure, cm. of mercury. 


70 app. 

16. 

1 *5. 

0-3. 

"C. 





710 

4 

18 

60 

67 . 

767 

18 

47 

88 

92 

800 

45 

73 

93 

:96 . 

1030 

96 


98 -6 

99 

. . % 

97 

L. ’ 

— 

99 


. 1 - 


Summary. 

The more important factors which influence the volatilisation of extremely 
thin films of the radioactive deposits have been investigated experimentally. 
Each of these sources of influence has been considered sejiarately by 
eliminating, as far as possible, the disturbing effects of the others. Thorium B, 
for reasons given in the earlier part of the paper, has been chosen as typical 
of all similar constituents of the active deposits of radium, thorium, and 
actinium. 
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Tbe mfliieiice of the foilowang Metore on the prooase of volatiM 8 atiio 0 has 
been examined!: — 

(1) Hie surface on which the active substance is deposited. 

(2) Variation of the amount per square centimetre ” of the active deposit 
collected on the surface. 

(8) Variation of the period of heating. Curves connecting "percentage 
volatilised"' with "time of heating" at a series of different temperatures are 
given, 

(4) Variation of temperature — the time of heating remaining constant. 

(5) Variation of the pressure of the surrounding gas. 

It has been shown to be extremely difficult to remove, by heating alone, 
tlie last traces of the active deposit fronx surfaces of quartz, nickel, or 
platinum. A suggested explanation of this is given and verified experi- 
mentally, The most consistent results are obtained when the surface is 
exposed to the emanation without electric field, in which case the volatilisation 
is independent of the time of exposure to the emanation. The volatilisation 
is shown to obey practically the same law as the rate of emission of positive 
ions from a hot body, this expression — Rate = — being modified by 

the introduction of a factor ^ (N) which depends on the amount of active 
deposit which has been volatilised. The function <f> (N) is considered from a 
physical standpoint, the mathematical relation being extremely complex. 

A comparison of the volatilisation curves at presaui’es of 760 mm, and 
S mm. is given, a lowering of the initial temperature of volatilisation at 
low pressure being observed. The volatilisation curve at atmospheric pressure 
i^rees extremely well with that given in a previous paper by Barratt and 
Wood (Zoc. ciQ, 

In conclusion, I should like to express my warmest thaitk/^ Prof. L. fi. 
■Wilberforce for his interest and encouragement, and to Prof. Sit'B. Rutherford 
and Dr. N. Bohr for kind help and critioism. 
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KOBEKT HAKLEY, 1828-^1910, 

Thk Harley b can be traced back to a Norse stock of Harlas, llobert 
Harley H fa.mily was settled in Dnnfcrmline for hundreds of yqars. His father, 
Eobert. HaT'ley of Dunfermline, began life as a merchant with pioperty 
bequeatbiMl to him by bis uncle, Sir William Mitchell (a Vice-Admiral who 
fought ^vith Nelson), l)ut he gave up a good busineHs in Scotland to l>ecome 
a Wesleyan ininifiter in England. His mother was Mary SteveiiHon, niece 
of General Stevenson of Ayr. They were living at Seacombe, near 
Liverpool, when llobett Harley was born (January 2 ?>, 1828). When a 
small boy he was devoted swimming but found arithmetics the most 
irkBome of his studies. He was in this respect very backward, but secerns 
suddenly to have developed talent and entbusiasiri wliile at school at 
Blackburn, whicdi led to bis accepting a post as iiiathematictil nmster at a 
Seacomb(‘ school wluui Ik^ was only l(j. Sliortly after this be was attracted 
by the luathematical problems which were appearing in ‘ The Lady’s and 
Gentleman’s Diary,' His interest in the solutions had one very important 
result, for it brought him into contact with a young l>}nTiHter, nine years 
his senior — James Cockle — w'ho later became a distinguished mathematician, 
a knight, a Follow of the Loyal Society, and Chief Justice of Queensland. 
They became life-long friends, and there is no doubt that his scientific work 
was more influenced by Sir Jurnos Cockle than by any other single 
individual who could be named. Wlien Sir James died in 1(S95 Mr, Harley 
wrote the obituary notice for the Loyal Society’s ' ProceedingH.’ At the age 
of 1.7 he returned, as head assistant-mAsler, to his old sclaool at Blackburn. 
This was kept by William Hoole, J,l\, a we 11 -remembered mayor of the 
town, by whom Viscount Morley of Blackburn and many otliors who have 
since risen to distinction were educated. 

At the age of 23 he determined to l:>e a minister, and l)ecame a divinity 
student at Airedale College, Bradford, and on completing bis course accepted 
a call to become minister of the Independent Chapel at Brighouse, in the 
West Eiding of Yorksliire. When he was 26 he married Sara SJioyan, 
niece of Mr. Hoole, and daughter of James Shoyan of Wigan, also of 
Scottish extraction, and lived happily with her for fifty-one years. He 
served at Brighouse for fourteen years. His four children, two sons and two 
daughters, were all born there. His congregation built him a comfortable 
manse anft a much larger chapel He laboured strenuously for the good 
of the growing village, preaching in the open air with his friend William 
Booth, afterwards famous as tlie Father of the Salvation Army. He started 
Penny Keadinga for the poor, and himself took part in thorn every Saturday 
night. He was much beloved by tJbe people, and Harley Street, Harley 
Court and Harley Place remain to link his memory with the now prosperoiw 
the last four years of his Pastoraje at Brighouse he waii 
xoL~a, o 
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ProfeBBOr of Mathematics and Logic at his old college, Airedale (now 
United College), Bradford. During this time George Boole was a frequent 
idsitor at the Manse. Mr. Harley was devoted to him, and was captivated 
by his application of mathematics to logic. He became, perhaps, the moat 
notable of Boole’s admirers and followers, and after his death in 1864 
frequently lectured on “ George Boole and hia Laws of Thought.” In 1868 
he went to be ’the pastor of the oldest Congregational church in (Bond 
Street) Leicester. He was there four years, and took a very active part in 
the life of the town. He served on the Executive Committee of the National 
Education League, an office which brought him into association with the 
Eight Hon. Joseph Chamberlain, for whom he entertained a high regard. 
He was elected a member of the first Leicester School Board ; he helped to 
establish the School of Art; was an active member of the Free Library 
Committee ; was honorary Curator of the Museum, and President of the 
Literary and Philosophical Society. In the latter capacity he introduced to 
a Leicester audience as lecturers many of the foremost scientific men of the 
day, including Huxley, Tyndall and Spottiswoode. He himself lectured on 
" The Moon,” “ Meteoric Showers,” and many other subjecta 

In the summer of 1872 he visited Mill Hill with the object of entering 
his eldest son at the now well-known school. The Head Master — 
11. F. Weymouth — was so impressed with his energy and capacity that he 
offered there and then to create for him a position as Vice Master. This 
was accepted, and Mr. Harley moved from Leicester and built for himself a 
house — Burton Bank, Mill Hill — which became the first boarding house in 
connection with the School. The house speedily filled, and for nearly ten 
years he was Vice Master of Mill Hill and Minister of the Chapel. Through 
his efforts the school swimming bath was built, the playing fields improved, 
and a record in the number of boys established. 

Apart from the School he interested himself in the life, of the village. 
He erected a lecture hall, which was opened by his friend the late 
Earl Stanhope, and made a centre of instruction and entertainment. In 
1882 Mr. Harley returned to Yorkshire as Principal of Huddersfield College, 
which post he filled with marked success limtil 1886, when he accepted a 
call to the principal Congregational church in Oxford. Soon after his 
arrival the University of Oxford conferred upon him the degree of M^A. 
(honoris cavsa), on which occasion the Public Orator paid a graceful tribute 
to his labours in the cause of religion and philanthropy as well as to hia 
attainments as a mathematician. He took a leading part in founding the 
Oxford Mathematical Society, and, in 1889, lectured before the Ashmolean 
Society on " George Boole and his Logical Method.” 

He was compelled to take a rest in 1890, and, at the inatiMice of a Special 
Committee of the Congregational Union of England and Wales, he aooeptdt 
a Cabled invitation to take temporaiy charge d the Mother Congregatidnal 
Church of New South Wales (Pitt Street, Sydney). He etipr^ti^ 
beforehand for two months, but he remained for eigbt months s^d ww 
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invited to stay on permanently, but he had left his wife and daughters 
in England and had no wish to settle down iu the Antipodes. He made a 
host of friends in Australia, and lectured before the Eoyal Society of New 
South Wales and Queensland, the Union of Sydney University, and many 
other bodies. 

On his return to England he, in 1892, wont once more back to Yorkshire^ 
this time as Minister of Heath Church, Halifax. In 1895 he retired and 
bought a house at Forest Hill, S.R, where he lived quietly and happily for 
the remaining fifteen years of his life. He preached and lectured frequently, 
and advocated total abstinence incessantly. He was, in fact, one of the 
pioneers of the Temperance movement. At the British Association he ofteii 
presided at the Temj)erance breakfast He was a Vice-President of the 
National Temperance League for thirty-three years, and only a few weeks 
before he died a rcjceptiou w^as given in his hoiiour by a number ,of workers 
interested in temperance, at the Memorial Hall, Farringdon Street, presided 
over by Sir John Thomas. On this occasion he gave an address, entitled 
Iteminiscences of an Octogenarian-— Chiefiy Temperance.” Although he 
was over 82 he spoke with much energy and stirring elotpienoe, exhibiting 
an intellectual vigour in his old age which amazed his friends. 

He was always a keen student of astronomy, and was a Fellow of the 
Hoyal Astronomical Society. He had an observatory built in his garden 
for a fine telescope which was presented to him by personal friends. 

He was a friend of Hcrsohell, Airy, Huggins, Ball, and other well known 
astronomers. On one occasion he visited Lord Eosse at Parsoustown, 

He was a Life Member of the British Association, and acted as Secretary 
of Section A in 1868 (Norwich), and in 1871 (Edinburgh). He was Vice- 
President in 1873 (Bradford), 1888 (Bath), and 1891 (Cardiff)- 
Throughout hie life Mr. Harley found recreation in mathematical investi- 
gations. These may be said to Imve commenced with liis friendship with 
Sir James Cockle, His earliest paper was published in 1851, and bore the 
title ** Impossible Equations.’^ A few years later he became engaged on 
the problem of the finite solution of the general equation of the fifth degree, 
which had occupied the minds of the most celebrated analysts of the 
18th and 19th centuries. He and Cookie were in almost daily corre- 
spondence far several years, particularly 1858 to 1862, on the subject. He 
approached the problem by seeking to determine in an explicit form a 
certain sextic equation^ — termed a resolvent — on the solution of which 
tliat of the general quintic may tie made to depend. It appeared aubse- 
qu^tly that Jacobi earlier, and Malfatti even earlier still, liod expounded 
the doctrine of sextic resolvents, but, notwithstanding, much merit remained 
in the work, for it was independent and lucid. In particular he devised a 
mvf cyclical symbol and a new cyclical function which much simplified and 
iooEiti^ted laborious calculations. He later extended his researches on the 
theory of equations far beyond the limits at first proposed. Mis results 
published in the ‘Manchester Memoirs,' the ‘Quarterly Journal of 

c 2 
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Mathematics,’ the ‘ Proceedings of the London Mathematical Society/ sod 
in the ‘ Philosophical Transactions of the Boyal Society of London.' Biioachi, 
the well known mathematician of Italy, wrote a paper^ which ebowed the 
relation of some work of Malfatti to that of Harley and Oookle. Cayley 
Was from the first interested in the work, and mode additions in his own 
masterly style. He supported Harley’s candidature for tlm Eoyal Society, 
and he was elected a Pellow in 1863. *Hi8 claims for the distinction were 
set forth in the following terms : — “ The discorwer of the new cyclical 
jirooess and other improved methods of mathematical analysis; the author 
of several papers . ... ‘On Impossible Equations,’ ‘On the Method of 
Symmetric Products,’ ‘ On the Theory of Qnintics,’ ‘ On Certain 

Circular Functions,’ . . . . ‘ Keaearches on the Theory of the Transcendental 
Solutions of Algebraic Equations,’ . . . .” Among those who supported 
his candidature were Cayle)', Sylvester, Hirst, H. J. S. Smith, Boole and 
Spottiswoixle. 

Following these investigations Harley next took up the subject of 
differential equations, and with the collaboration of R. Bawson and Cockle 
constructed a theory of “Differential Besolvents.” Cockle encountered a 
class of differential invariants whiob he named “ Criticoids.” These were 
examined by Harley in a masterly manner. Harley’s friendship with Boole 
now had a determining effect upon the trend of his mathematical thought. 
By studying Harley’s results Boole was led to a discovery in the Theory of 
Differential Equations, which Harley subsequently generalised. The last 
paper ever published by Bo<ile was on this subject (‘ Phil. Trans.’), and 
contains a risuviA of Harley’s researches down to that date. ' On Boole’s 
death the Editor of the ‘ British Quarterly Review ’ applied to Harley to 
prepare an essay on Boole’s life and writings. This was willingly under- 
taken, and an (daborate article appeared in the July number of the Review 
for 1866. He received much help from Spottiswoode (later President of the 
Royal Society), who invited him to London that he might have ready access 
to the British Museum, the Royal Society, and other libraries. The obituary 
notice of B<x)le for the ‘ Proceedings of Uie Royal Society ’ was also written 
by Harley. He expounded Boole’s logical method before the British 
Association in 1886 (Nottingham) and in 1870 (Liverpool). He wrote and 
lectured on the subjects of the " Laws of Thought,’’ and occupied himself 
with the study of earlier efforts to facilitate the processes of formal logic 
by the use of matliematicol operations. He spent some time at Cbevening, 
Sevenoaks, the residence of Lord Stanhope, studying the papers and 
inventions (including two calculating machines) of Charles, third Earl 
Stonhope, F.R.S. (elected in 1772 at the age of 19). In 1879 he wrote in 
the April number of ‘ Mind ’ an article about the Stanhope Dememstrator 
. for iHsrfortning logical operations ; in his will he bequeathed to the 
Ashmoleau Museum the Stanhope Demonstestor and the Stanlmpe 
Arithinetioal Machine (dated 1780), both of which bad been presented to 
him by Arthur Philip, fifth Earl Stanhope (oJ. 1905X On his 
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he still pursued his mathematical studies, hut he never lived to complete 
the * Treatise on Quint ios ' which ho had begun. He sat for some years 
on the Council o^ tlie London Mathematical Society, of which he was a 
member for forty-five years. When over 80 he would come in every day 
from Forest Hill to spend his time in the library of the Athenmm Club, 
of whicli he was a member for a long period. 

He preached on Sunday, July 17, 1910, with no premonition that it was 
to be his last sermon. He went off to Cromer for a holiday but had to be 
brought back to his home on Monday, July 25 ; he passed away peacefully 
the next day, July 20, 1910. He was buried in Lady well Cemetery, The 
.Eev, Sylvester Horne, M.P. for Ipswich, and Chairman of the Congregational 
Union of England and Wales, delivered a memorial address iu which he 
dwelt on his lovable and striking j>ersonality ” ; he also road a letter from 
Sir James IMurray to his daughter, in which was said : — 

“ Four father had a very wide circle of friends ; very few men ever hod 
so many. In the religious world, in the world of science, in the total 
abstinence movement and in the sphere of national politics be was widely 
known and as widely held iu esteem. His annual visit to his Ixdoved 
Yorkshire to preach Sunday School sermons was almost like a triumphal 
progress as friends gathered from far and near to hear and see him .... 
Politicians will remember him as an unflinching friend of liberty and 
equality of opportunity, of unscctarian education and social progress, a man 
of supreme moral courage who was never afraid to be on the side which was 
for the moment that of the minority. He lived a full and an honoured life/' 

It may be added that; Mr. Harley's life was also happy. He and 
Mrs. Harley celebrated their golden wedding at Forest Hill in 1904, when 
all their four children were seated round the dinner^table. Ibr fifty years 
they had been spared a single bereavement ; but the next year the eldest 
daughter died, and within a few weeks Mrs. Harley followed her. 

He was a man of overflowing spirits and merry conversation, and was 
able to a remarkable degree to inspire confidence and win affection. He 
was always a delightful person to meet. Those who knew him were 
impressed with the beauty of his disposition. He showed the kindest and 
most generous appreciation of the work of others. If there was a nice 
thing to be said the opportunity was not missed. He was one of the most 
remarkable and most versatile men which the Congregational Ministry has 
ever produced. 


P. A. M, 



JULES HENKI POINOAEfi, 1854-1911 

JutKs Hknui PoiNCAK^:* was born at Nancy, April 29, 1854. His father 
was a medical man who is spoken of aa enjoying, in an especial degree, the 
respect of his fcllow-townsrnen. His uncle was the father of the President of 
the French Eepublic. The boy was at the Lyc4e at Nancy from October, 1862, 
until August, 1873, leaving with the Prix d'Honneur au Concours Giineral en 
Math(5mati(iues Sp&iales. At the age of five he had suffered from a severe 
illness, and ia described as a delicate boy, preferring the society of his 
sister to the games of his schoolmates. But any tendency to devote himself 
too exclusively to a contemplative view of life must, one feels, have received 
a rude shock from the experience which came to him at the age of sixteen. 
Nancy is about thirty miles south of Metz ; his father was called upon in 
1870, as a medical man, to help with the wounded, and the young Poincard 
attended him as secretary. So anxious was he to road the only newspapers 
that were obUinable that he learned to read German for the purpose, so 
it is said. In later life he was one of the closest ties between the 
mathematical world of Germany and that of France. 

In 1873 he was first among candidates for the iScole Polyteohnique at 
Paris, Leaving this in October, 1875, for the School of Mines, he was 
thence transferred as Engineer to Vesoul, about 80 miles south of Nancy, 
from April to December, 1879. During this year, in August, 1879, he 
became Doctor of Mathematical Science in the University of Paris. In 
December of the same year he was in charge of the Cours d'Analyse k la 
Faculty des Sciences de Caen. In March, 1881, at the age of nearly twenty- 
seven, he was honourably mentioned aa a competitor for the Grand Prix des 
Sciences Math^matiques awarded by the Academy of Sciences of Paris. In 
October, 1881, he became Maitre do Conferences d* Analyse k la Faculty des 
Sciences de rUniverait^ de Paris. In 1886 he was Professeur de Physique 
Matht^matique et de Calcul des Probability at the University of Paris, and in 
1896 Prof esBcnr d' Astronomic Math^matique et de M^canique Ci^leste. He 
was chosen Member of the Academy of Sciences in the Section of Geometry 
in January, 1887, served as Pi-esident in 1906, and was elected to the French 
Academy in 1908. He became a Foreign Member of the Royal Society in 
1894, and on the inauguration of the Sylvester Medal for Mathematics in 
1901, he received the first award. He died at his house in Paris in July, 
1912, during the celebration by the Royal Society of its fifth jubilee. At 
the funeral ceremony the Society was represented by the Senior Secretary 
and the Astronomer EoyaL 

Such, in briefest outline, am the facts of his public career. To give any 

♦ A fairly complete bibliography, with a portrait and various appreciations, is edited 
by Ernest Xiobon (Gauthier Villars, July I, 1900). To this the writer is math indebted 
for dates and references. 
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complete account of his work ia a task well nigh impoaeible ott account of its 
vast mnge. His writings deal with nearly every branch of analysis, with every 
part of theoretical iiatrononiy, and with most of the issues of modern roathe- 
matical physics. To whatever he deals with he brings a breadth of outlook, 
a wide generality of conception, which stirs the imagination, though it may 
puzzle the mind. Of the final value of his applications of mathematics to 
physics, time will pronounce ; of the importance of the influence which* his 
wide knowledge enabled him to exert, especially in his own country, there 
can be no question. 

His contributions to pure analysis may be classed under differential 
equations, automorphic functions, general theory of functions, Abelian 
functions, Analysis Situs, arithmetic. The work on differential equations 
includes studies in extension of the general existence theorems given 
by Cauchy, and consideration, on the lines of Eiemann and Euchs, of 
the theory of linear differential equations. Also a systematic consideration 
of the utility, as solutions of differential equations, of series which 
are divergent, and yet asymptotic ; this last, forced upon Poincare’s attention, 
presumably, by his astronomical studies, has had a wide development. It is, 
however, the general consideration of an infinite discontinuous group, in 
connection with which he refers explicitly to Fuchs, and the associated 
automorphic functions, which are the best known results of his study of 
differential equations. Historically an automorphic function arises among 
the formuliB for elliptic functions which are found in Jacobi's ‘ Fundamenta 
Nova.’ Jacobi obtains a series whereby the square of the modulus, can be 
expressed as a single-valued function of the ratio 1^! jlL of the two so-called 
quarter periods. These are solutions of a linear differential equation of the 
second order whose independent variable is P. Putting f = K'/K, and 
it is then natural to consider values of f of the form 

= («?+ 6)/(cf + d), in which a, b, c, d are constants. More simply and 
precisely, the facts are thus : Let 2(0, 2ai' be two arbitrary quantities whose 
ratio T =! «b 7® is not real, but has its imaginary part positive. Let p (u) be 
Weierstrass’s doubly periodic function with these quantities as fundamental 
periods. Then the function which is the ratio of 2p (»') + p («>) to 
p (<»') -" P (( 0 ) is evidently a single-valued function of t. It is in fact 
unaltered by substituting in it, in place of r, the quantity t -f 2 ; 
or by substituting t/(2t -t- 1); or more generally by replacing t by 
(pr + q) / (I'T + s) in which p, q, r, s are any integers of which q and r are 
even, such thatyw — qr as 1, so that p and « are odd. There is an infinite 
numbUr of substitutions of this form ; any two of them performed in succession 
give rise to a substitution of the same form, so that the aggregate of them 
constitutes a of substitutions. Starting from an arbitrary value ofr, 
whose imaginary part is positive, all the values of r arising by these 
substitutions have their imaginary part positive ,- representing such values 
of T on the upper half of a plane, in the usual way, a fundamental re^on 
of this half-plane can be named which is analogous to the fundamental 
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parallelogram used in the discuasion of doubly periodic fuuctioiiB, Ifamely, 
every point of the upper half-plane which does nt)t lie in thi$ funda- 
mental region can be obtained from one, and only one, point of tide 
region by one, and only one, Bubstitution of the group above described. 
If t = p + i«r, we may take for such a fundamental region the part lying 
between the lines p = ± 1 and above the semicircles (p ± -f cr® s? i,: 
0 * > 0. Poincari^’s aim was to study the general properties of such infinite 
groups of (fractional) linear substitutione, and to obtain single-valued 
functions of the independent variable unaltered when this variable undergoes 
any substitution of the group. In both respects he obtained a brilliant success. 
It is not easy in a few sentences to give an account of his general theory of the 
groups ; but it may be possible to make clear the way in which he constructs 
functions unaltered by a given group. Let 

== (Orf-f dr) 

be any one of the substitutions of this group, the constants being chosen so 
that ardr-^hrCf^ 1. Denote the denominator by Let H(f) 

be a rational function of and fif a constant such that == MrM# J 

let m be an integer. Consider the sum 

0(0 = [S,(0] . [A,(or-. . 

r 

which is to contain a term corresponding to every substitution of the group. 
It is then easy to prove that if for ^ we substitute 3«(0> any one of the 
transformations of f arising in the group, we obtain 

The proof requires the assumption that the original series converges 
irrespective of the order in wiiioh the terms are taken ; when we consider 
the generality oi' the ideas involved, Poincare’s proof that this may be so 
for proper values of m is one of the most striking portions of the work. 
Taking now another such sum as 0 (f), having, however, in place of H ({) a 
rational function K (f), we shall have a similar equation. Thus the quotient 
of the two functions 0(f) is unaltered when the independent variable f is 
changed by any substitution of tlie group. 

But now arises another consideration. Beverting to the function before 
considered, 

X(t) = [2p(o)')4-i5(<itf)]/[p(®')-p(«)], 

for purposes of illustration, we may regard r, or as the quotient of two 
independent solutions of a linear differential equation of the seoond order 
whose independent variable is This is, in fact, a hypergeometrie equation 
with singular points only at X sss 0, X = 1, \ . If we have s^y 

function of the unrestrict^ complex variable X, of which every existiiig 
branch is expressible, in the neighbourhood of any value X« other than 
Xo tm 0, or 1, or po , as a power series in X~X*, then it can be proved that, by 
regaining X as that function of the new independent variable r whidb is 
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given fay the function above, the function under consideration becomes a 
single- valued function " of r. A jmrticular case of this result is that the 
dependent variable of any hyi)ergeometric differential equation is a single- 
valued function of r, if the independent variable be identified with X(t). 
These are evidently results of wide scope. Quite early (iu 1883) Poinoari^ 
formulated a demonstration that every analytical function, w = of an 
independent variable z, is such that both tr and z may be regarded as single- 
valued functions of an independent variable f And both Klein (in 1882) 
and he (iu 1883) have sought to make it clear that any rational algebraic 
equation /(y, u:) s= 0, connecting x and y, can be satisfied by regarding x and 
y as single-valued functions of another variable the suggestion of 
pai‘ticular cases being that the functions con l>e taken to be automorphic 
functions in the sense already explained. To enunciate such a theorem, 
even though its exhaustive proof is a matter for subsequent investigation as 
it was in this case, may te to exert a great stimulus to the development of 
a theory. It ought, however, f>erhaps, to be mentioned that unless the 
equation /(y, .r) = 0 is capable of being satisfied by rational functions, or 
by ellijitic functions, of a parameter, the functions x, y of the nev parameter, 
which arc contemplated by tlie theorem, must possess an infinite nunit>er 
of essential Ringalarities. The deductions to be drawn from the result must 
then, it would seem, be of a general character, and independent of the precise 
form of the functions. Poincart5 himself returned to the matter in a paper 
on the uniformisation of analytic functions as late as 1907 (Acta Math., 
vol. 31), and the proof of the theorem has called forth an extensive literature. 
There is one matter of subsidiary importance to which a word may be given 
in connection with Poincare’s theory of automorphic functions. The division 
of the upj)er half of the plane of the o<nnplex variable into regions corre- 
sponding to the substitutions of a group may be made, as it was in the 
particular case })rcviously taken for illustration, by means of circles having 
their centres {)n the real axis. Such circles have obviously at least some of 
the properties of straight lines in a plane ; two such circles intersect in one 
point (in the upper half-plane) ; one such circle can be drawn through two 
given points. As straight lines are the curves which render the integral 
jd$ stationary, taken between two given points, where (k == (dx^-{‘dy^)i, so the 
circles in question are the curves which render the integral jds/y stationary, 
y being the ordinate to the real axis and x the abscissa parallel to this axis. 
The relations of these circles are, in fact, those of the so-called straight 
lines in the geometry of Lobatchewski, the integral |ds/y, which we may call 
separation of its two extreme points, replacing the distance of the 
Euclidian geometry. Similarly the integral which we may call 

the extent of the region over which it is taken, may be used insteati of the 
Every one of these elements, the circles with centres on the real axiSj 
the ^paration, and the extent is unaltered by transformations 
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in which a, h, r, d are real, just as straight lines, lengths and areas are 
unaltered by movements in Euclidian geometry. It is thus convenient to 
make use of these elements in discussing the groups of such linear substitu*' 
tions. It is in this sense that Poinoar«5 employed non-Euclidian geometry 
in his discussion of these substitutions. 

In addition to the systematic development of the theory of automorphic 
functions, of which we have given some account, Poincar 6 wrote several 
papers dealing with questions of Abelian functions. One of the briefest 
is an application of Kronecker's theory of cliaracteristios to determine 
the number of pairs of variables for which two theta functions of two 
variables have each assigned values. The same theory is used also by 
Poincart5 in his great paper on the equilibrium of a rotating fluid mass 
(Acta Math., voL 7, p. 268, 1885-6). In Kroneoker's hands the theory 
beccunes an extension of Cauchy’s theorem for integrals of functions of on® 
complex variable to mtegi*als of functions of several complex variables, and 
is put into connection with the theory of potential in any number of 
dimensions. It is interesting, then, to find papers of Poincard dealing with 
extensions of Cauchy's theorem to functions of several complex variables, to 
see the theory of potential in any number of dimensions applied to the 
theory of integral functions of several variables, and to note how extensive 
and persistent were Poincare's attempts to grapple with tbo problems of 
Analysis Situs in higher space. One of the problems to which Weierstrass 
devoted much consideration was to generalise the expression, as a quotient 
of two integral functions, of a single-valued analytic function of one variable 
whose only finite singularities are poles. Consider 4 single-valued analytic 
function of two variables ; assume that about every finite pair of values of 
these the function is expressible, generally as a power series, but, if not, then 
as a quotient of two power series, with presumably only a limited range of 
convergence. The question is whether there exist two power series, each 
convergent for all finite values of the variables, as the quotient of which the 
function can be represented for all values of the variables. A difficulty 
arises from the fact that there are points at which the function has no 
definite value at all, the expressions which represent it having different 
limits according to the path by which the variables approach the pdint-^ 
it is desirable that the representation of the function as the quotient of two 
integral functions should be such that these integral functions do not 
simultaneously vanish except at points for which the function is actually 
indeterminate. Poincarti's papers in regard to the connection of the theory 
of potential with the theory of integral functions furnish a proof that such 
a representation is possible, and give rise incidentally to a splendid 
geiieraUsatiou of Weierstrass's factor expression for an integral function 
of one variable. The real |>art of the logarithm of the primary lector 
( 1 — wherein which is introduced for convergence, may, for 
puriKMses of our statement, be left out of account, is the logarithmic potential 
of a mass at the point c. We may thus say that, save for a eorreolton 
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necessary to secure convergence, the real part of the logarithm of the 
integral function is built from the potential of masses situated at the 
^ero points of the integral function. When we come to an integral function 
of two variables, its zero points form a continuum. The integral expnjseing 
the potential of tliis continuum is the guiding portion of the real part 
of the logarithm of the integral function. The application of this sugges- 
tion to Weierstrass's problem requires the establishmmit of the notion 
of a definite continuum upon which the given function vanishes, and of 
another continuum ujon which the function becomes infinite, and so furnishes 
a further incitement to the study of liyperspace. The ideas of which we 
have attempted to give some account are applicable to another i)air of 
oonnected problems. One striking result of the manifold study of Abelian 
functions in the nineteenth century was the emergence of certain integral 
functions of several variables, known as theta functions, and, intimately 
connected therewith, of siinultaueously periodic functions. A function of 
n variables u\, may be such that if appropriate constants ©i, 

be Bimultaueously added to the variables w-i, Ur^ reBi)ectively, the value of 
the function is unaltered. And there may be 2a sets of quantities such as 
.... Wrt for which this is true. The theta functions are not so periodic ; 
they are integral functions say of «i, associated with 2n sets of 

constants such as cwi, ..., o)n, so that for the values tH-fwi, ..., Wn + atu 
the function is multiplied by the exponential of a linear function like 
Aitii -H . . . *f An^n + B, 

For the theta functions and for the multiply periodic functions which can 
be formed from them, the quantities such as coi, ..., <i>» are connected 
together by certain bilinear relations of equality and inequality. The question 
then arises whether these relations are necessary for every possible multiply 
periodic function, and, a connected enquiry, whether the most general periodic 
function is expressible by theta functions. Even though, as is now the case, 
these questions have been given affirmative answers, there remains a need of 
eome comprehensive and direct method of arriving at the result. And the 
suggestion that this will be associated with some greater insight into the 
possibilities of Analysis Situs (in space of %n real dimensions) seems inevitable. 
Various lines of enquiry are thus opened ; there is evidence that Poincar6 gave 
attention to many of these. With Picard he published a note dealing with 
the bilinear relations among the periods of a multiply periodic function ; to 
the properties of integral functions whose second logarithmic difterential 
eoefficients are periodic functions, and to the problem of sets of n intsegrals 
whose periods are expressible linearly by less than 2% seta, he devoted a long 
paper. To his study of the Analysis Situs in any number of dimensions 
several laborious memoirs bear witness. The surface imagined by Riemann, 
it is" well known, serves the purpose of representiug an algebraic function 
which is capable of several, say of values, as a single-valued function 
of position upon an Jt-eheeted surface. When, however, we seek to 
Apply Cauchy's contour integral theorem to integrals of algebraic functions 
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considered on this surface, we are at once met by the fact that it is in general 
possible to draw closed curves upon the surface which are not capable of being 
continuously deformed to evanescence, and do not form the complete boundary 
of any portion of the surface. Such a circumstance arises also, evidently, for 
many surfaces ; as for instance for the surface of an anchor ring, The question 
arises for such a surface, wliat is the least number of in’oducible closed curves 
by means of which all others can be represented. In the case of a surface 
utilised in Kieinann’s manner for the representation of an algebraic function,, 
the number so aiising has tiie greatest importance for the theory, and is the 
most fundamental of the characters used to discriminate between algebraic 
functions of different individualities. When we pass from a surface of twcv 
dimensions to a ciosed sjmce of n dimensions, and therein consider closed 
spaces of r diinensions, there is a similar (question. Let two such closed spaces 
of order r be rcgartled as equivalent when either can be continuously defonnecU 
into the other within the given space of n dimensions; there will be a least 
number, k, of closed spaces of order t in terms of which every otlier such 
space can, be represented in the form 

wherein mi, are integers. And there will be such a number h for each 
value of V which is less than n. These so-called nuiiil>ers of Betti are in fact 
equal in pairs, the number k for any r being equal to the number h for 
r' 22 : n — ?•. This theorem recpures, evidently enough, much greater precision 
in defining the meaning of equivalence than we can attempt here. For instance 
in the closed three-dimeusioiial space interior to an anchor ring, every closed 
curve is clearly representable in terms of one such curve (unless itself 
deforniable to evanescence) ; and every closed surface in this three-dimensional 
space, if not itself deformable to evanescence, is deformable to one surface^ 
whose shape is that of an anchor ring interior to the given anchor ring, so 
that the two numl>er8 of Betti are each equal to unity. It is obvious 
that two spaces which are capable of being put into point to point corre- 
spondence with one another must have the same numbers of Betti. Conversely,, 
however, it was shown by Poincare that the equalities of these numbers are 
not the only descriptive similarities necessary in order that two spaces should 
bo capable of such correspondence. 

The theory just referred to is suggested by the discussion of Biemann'a 
surface. Biemanu's own theory of the functions arising for sucli a surface 
was based upon a theorem of existence of potential functions, for which the 
evidence was, in the light of subseqxienfc scrutiny, undoubtedly insuffloienL 
The theorem in question, lor which the physical suggestion is extremely 
cogent, has thence become the centre of a wide literature. To this also 
Poincar4 contributed, with an extensive paper expounding a method of hia 
own, in addition to which he wrote long papers dealing in general with the 
differential eqxiationa of mathematical physics. 

In this survey we have left aside many of Poincare's discoveries, fair 
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instance, hi« brilliant additions to Lagueri’e's theory of the class of integral 
functions, or to Weierstrass's theory of inonogenio functions. We have 
exjmnded instead some matters wherein is well seen the great generality 
and abstractness of Tniicfi of his work* If his writings had been limited to 
his contributions to theory of functions, they would have left an enduring 
mark. We pass, however, now to consider in a few lines his extensive 
publications in the field of Astronomy and Dynamics. 

As has been said, PoincartJ was Professor of Astronomy from 1896, and, 
in addition to pure ruathematics, he was probably interested from the 
first also in j^hysical (piestions. As early as 1881, while yet Ing^inieur des 
Mines, in 'Liouvillc’s Journal’ (vol. 7, ]). 376), in a “ Mtbnoire Bur les 
Oourhes Definies par ime Equation T)ilbb*entielle,” we find the words; — 
Prenons ];»oiir exeinple le probleme des trois corps ; no pent on pas se 
^ieuittiider si Tun des corps restera tonjours dans une certaine region du 
ciel.” These words would seem to give the key to Poincare’s work in 
Astronfjrny and Dymiinicjs ; to ascertain whether the theory leads us to 
expect stability of motion and periodical recurreuco of position may be said 
to have been his constant preoccupation. The })ublicatioii of 0. W. Hiirs 
"Eesearches in the Lunar Theory,’ in America, in 1877-8, seems to 
luive greatly inipresBed him. lii vol. 1 of the Bulletin Astronomique 
(1884) he pxiblished a paper, “ Sur Certaines Solutions Particulicres du 
Probleme des Trois Corps/’ which generalisod Hill’a idea of a periodic orbit 
for the Moon. And in the Preface to vol. 1 (1892) of his ‘ M^ithodes 
Nouvelles de la Mecanique Celeste/ 8])eakiiig of Hills contributions t.) the 
theory, he says : ** Dans cette (P.uvre . . . il ost porjnis d’apercevoir b*. germe 
de la plupart des progres que la science a fait depuis.” Many of the 
leading ideas (»f his theory of orbits were ex]jouuded in his essay “ Sur 
le Probleme <les Trois Corps et les jtqiiaUuns de la Dynamique,” which 
obtained the prize offered by the King of Sweden. This wub finished 
in 1888, and published in revised form in 1890. In addition to this are to 
be meutioued the ^Mdthodes Nouvelles/ already referred to (vol. 1,1892; 
vol 2, 1894; vol 3, 1809), and the Sorbonne Dictures on Celestial 
Mechanics (vol. 1, 1005; vol 2, 1907-9), 

The dominating idea of the work is the possibility of the existence of 
Bolutions of theoretical exactness and of periodic character. In the case of 
the Earth and Sun and Moon, regarding the Sun as moving with constant 
angular velocity in a circle about the Earth and the Moon as moving in the 
same plane, G. W. Hill obtained) by actual computation, an orbit of the 
Moon relatively to the uniformly rotating line joining the Earth to the Sun, 
which is both re-entrant and symmetrical Poincar^ obtains a generalisation 
pf this for any dynamical system in which the differential equations have 
an appropriate form, of wide generality, by reasoning which is quite general 
quite simple; but this reasoning requires an appreciation of Cauchy's 
tbeorema of «istenoe for the solutions of differential equations; and it is a 
^taisterisrii^ixi^p^ of the series which express the periodic solutions that 
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they converge. From the periodic orbit of the Moon Hill obtained, by 
variation of the equations, an equation for the motion of the Moon^a perigee. 
In order to calculate the frequency of its oscillations without solving the 
equation, he introduced the use of determinants of indefinitely great order. 
That PoincaiVj should investigate the convergence of the method, and so set 
up a new engine of analysis, as an incident to his astronomical work^ i» 
oharaoteristio of him. He further considers in much detail the general 
method of variation and the quantities which generalise the frequency 
considered by Hill, and their expansion as power aeries, as part of hie 
theory of characteristic exponents. In another direction, also, he adopts 
the idea, suggested by Hill, of making the periodic solution the centre 
of the theory, by considering solutions whicb coincide with the periodic 
solutions after an infinite time, or did so coincide an infinite time before 
the present. These are the so-called asymptotic solutions. Both thq 
periodic solutions and the asymptotic solutions are particular solutions 
of the equations, not containing the full number of arbitrary constants. 
Whereas the former converge, the latter, when expanded in terms of 
the small quantities, do not ; they are, however, definitely and formally 
shown to be capable of use for approximations, in the manner of Stirling's 
series for the gamma function. The interplay between the original 
equations and the equations deduced by variation is again exemplified in 
Poincard’s consideration of integral invariants. In the niotion of an 
incompressible fluid the integral which expresses the volume of any 
portion of the fluid is unaltered by the moticm, if always taken over, 
the same jjartioles of the fluid. He obtains other integrals having the same 
proj)erfcy, and considers their relations in many aspects. That a quantity 
should contain in its expression a term of the form t cos {mt -f h) is rendei’ed 
by him as a statement that the quantity, though not remaining for all time 
of limited magnitude, does yet return infinitely often to within arbitrary 
nearness of its original value. Tliis becomes a text for the consideration of 
dynamical systems witli such a property — stable d la Foumn, In particular, 
a proof is given, as illustrating the theory of integral invariants, that for 
incompressible fluid in a closed. vessel, if we consider the particles occupying 
at any instant a particular Braal) volume, these particles (speaking generally) 
itJturu infinitely often to this volume. This theory of integral invariants 
reappears in Poincare’s recent paper (Journ. de Physique, January, 1&12) 
written in support of Planck's Theory of Quanta. 

But it is impossible not to consider the relation of Poincare's periodie 
solutions with the expansions used by practical astronomers, and a large 
part of his writing deals with this matter. Series had gradually been 
introduced containing only sines and cosines — that is terms A cos (^«f -f A)» but 
no terms such as t cos {id^h), or such as in which the time occurs outside 
the peiwlio functions — the evident intention being to obtain series which 
might serve to express the circumstances for all ^parently tbq 

possibility of such series may have been r^cq^ised Ip d'Alemhqrt 
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(c/ E. W. Brown, ‘ Lunar Theory/ p. 239). Poincar^ attributes the 
series to Newcomb (‘Smithsonian Contributions to Knowledge/ December, 
1874), who used them tor the motion of the planets, and after him to 
lindfltedt. For the case of the Moon ^Delaunay’s series are to be referred to 
(1860). Poincar(5 investigates Lindstedt’s series again, and extends their 
scope ; but he proves that they are not as a rule convergent. His method 
of proof is extremely simple, if not wholly convincing for all possible cases. 
It may be said to be part of his theory of periodic solutions. It is related 
also to hie general theorem as to the existence of uniform integrals of the 
astronomical equations. He proves, however, that the Liudstedt series are 
asymptotic, in the sense in which Stirling s series for the gamma function are 
asymptotic; they give a rule for writing down a finite numter of terms 
approximating very closely to the functions sought, but the approximation 
^nnot be made arbitmrily close. To the consideration of these series and 
the related investigations of Delaunay, of Bohlin, and of Gyld^n, a large part 
of the second volume of the * Methodes Nouvelbs ’ is devoted. In the 
Sorbonne lectures a diffei’ent plan of exposition is followed. Lagrange’s method 
of successive approximation is first used to obtain expansions wherein the time 
occurs explicitly outside the periodic functions. A proof is then given that 
the terms in which the time enters in this way may be absorbed ; ibr if 
they be omitted they can ho re-found from the terms which remain, by a 
change of variables and subsequent expansion (‘ Leijons de M(5canique Cblesto/ 
vol. 1, 1905, pp. l72, 198, 268). There is a further theorem of great import- 
ance which, like the proof of the divergence of Limistedt s scries, occurs 
in Poiucarb’s prize essay. The problem of three bodies has the classical 
integrals, wluch belong to any dynamical system, known as those of energy 
and momentum. It was proved by Bruns that, apart from and independent 
of these, the problem allows no other algebraic integral. To this Poincard 
adds the theorem that the problem possesses no single-valued integral. The 
statement is for certain restricted values of the parameters; upon these 
restrictions we need not now ent<3r. 

This account leaves aside many matters dealing with the theory of orbits to 
which PoincartS devotes attention, and it does not represent his whole coutriim- 
tion to Astronomy. For very soon after the iniblication of the pHj:>er dealing 
with periodic orbits (Bull, Astr., vol. 1, 1884) PoincariJ was publishing 
investigations issuing in 1885 in a great paper (Acta Math., vol. 7) dealing 
with the forms of rotating masses of fluid and their stability. As his 
investigations in regard to periodic orbits begin with acknowledgments to 
G. W. Hill, so this paj>er begins by quoting the results announced by 
Thomson and Tait in the / Natural Philosophy/ Without entering into precise 
mathematics it would seem to be impossible to give here any competent 
account of Poincar^J’s work; the questions of stability involved are still 
of controversy. Poincar^ considers a series of jiossible shapes of 
relatiye equil^ium, bestowing especial care upon the critical values of the 
peMmeters; ws is thus led to oonsider the possibility of Jacobi’s ellipsoid of 
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unequal axes changing gradually into a shape which may be likened to a pear 
spinning abcut a line at right angles to its long axis. The suggestion is that 
the thinner portion (the stalk end) may gradually become detached. The 
reader will find it interesting to tarn to the i*emarks made by Sir George 
Barwiu in presenting to Poincar^ the gold medal of the lloyal Astronomical 
Society, in l‘J09. It was a sulyect upon which no one could speak with 
greater authority. Evidently Poiiicar<5*s investigation to him a revela- 
tion of intellectual mastery for which he had the profoundest respect. 
Besides this work there remains, however, also Poincare’s work in regard to 
tides. It may be sufhcient, perhaps, to refer to Sir George Darwin’s brief 
indication of his concurrence, in this matter, with what is undoubtedly a 
very common feeling in regard to much of PoincanVs applied mathematics, 
namely, that tlie great generality of his methods is apt to militate against 
any quite immediate aj^plication. Undoubtedly he has no scruple in bringing 
the most advanced and the most modern theories of pure tiiathematics into 
service ; and where such theory is not already in existence he invents it. 

Wben we turn frott) Poincare’s astronomical work to his work in Physics, 
we etitev upon ground which has already been much ti*odden. It may be 
sufficient to (*,all attention to the large number of volumes of Sorlx^nxie 
lectures, edited by his pupils, dealing freshly with the whole field of recent 
discovery and discussion in electricity, optics, thermodynamics, beside those 
dealing witli matters already referred to. 

But in addition to all this mathematical and pliysical work, Poincard was 
also a jtrolific winter on general questions of plulosophic interest. How far 
his contribution to these matters w'a8new,and how far he stated in a brilliant 
way the critical conclusions which are common to many to-day, it must be 
for others to decide. At least, while taking up the humblest and simplest 
attitude in face of the immensity of the universe, he preached in no uncertain 
way the dignity of the pursuit of truth. “Thought is the .lightning flash 
between two intinities of blackness. But it is the lightning which matters.” 

His writings on such matters are accessible to all and of general interest. 
It is unnecessary to expound them here. 


H. E. B. 
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SIR ROBERT STAWELL BALL, 1840-191;L 

Robkht Stawell Ball was bora at Dublin on July 1, 1840. His father, 
Dr. Robert Ball, was Ijom at Cove, co. Cork, in 1802, fi-om whence lie 
migrated to Dublin in 1827 upon his appointment to a {wjst at the Castle. 
Dr. Ball took a keen interest in Natural History, and the Dublin Zoological 
(lardeiis are laigely duc^ to his persevering and unstinted labours. He died 
at a (K)inparatively early age in 1857, leaving a widow and seven children, 
three sons ami four daughters. Eoliert Stawell was the eldest of the sons, 
who all l>ecanie distinguished citi^^ens of Dublin, Dr. Valentino Ball becoming 
the Direcitor of the Science and Art Museum, and Sir Charles Ball the well 
known surgeon. . 

After some years at a preparatory school in Dublin, Robert was sent in 
1851 to Dr. Brindley's school at Tarvin, near Chester, where he i^ceivod his 
cmrly training in Mathematics from the Rev. Theophilus B. Rowe, afterwards 
headmaster of Tonbridge School. He remained at Tarvin till his father's 
death. In October, 1857, he was entered as a student at Trinity College, 
Dublin. He soon showed liis aptitude for Mathematics and won numerous 
prizes. In 1860 ho obtained a scholarship and the Lloyd Exhibition. In 
1861 he was Gold Medallist in Mathematicis, ' first Gold Medallist in 
Experimental and Natural SoieuQes, and University Student. He competed 
three times for a Fellowship at Trinity College, but was not successful, the 
successful candidates on two of the occasions being W. S. Burnside and 
H. S. TarletoiL 

Ball's interest in Astronomy was awakened by Mitchell’s ^Orbs of 
Heaven/ a book he read at scluKd at a time when lie should have been 
asleep. At college he studied Brinkley's ‘ Astronomy/ tlie " Trincipia,' and the 
* M<5oanique Celeste/ In 1865, at the instance of Dr. Johnstone Stoney, he 
was invited to become tutor to the sons of Lord Rosse at Rarsonstown, He 
accepted the post on the condition that he should have access to the 
Observatory and tiie privilege of using the great telescope. He worked witli 
the 6-foat reflector from Januaiy, 1866, to August, 1867, making micrometer 
observations of the positions of small nebula?. It is pointed out by Dr. J.)reyer 
that be was the first observer with the instrument to correct the observed 
position angles for the error due to the instrument not being equatorially 
mounted, but supported at its lower end by a universal joint, the fixed lods 
of which was horizontal, in the east and west direction. This procedure, 
which materially improved the observations, was a natural outcome of Bali's 
geometrical instincts. About this time the application of the spectrosoope to 
the problems of Astronomy was making great headway. Although Sir Robert 
Balt took no active part in this, he was keenly interested in it, an interest 
q^ideened by a visit to Sir WiRiam Huggins’ Observatory at Dulwich. 

m. XCI.-rA. d 
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In 1867 the Koyal College of Science was founded in Dublin, and BaU 
left Birr Castle to become the first Professor of Applied Mathematics and 
Mechanism. He was well fitted for this post by his mathematical knowledge 
and ability and his experimental skill, but especially by his gift for lucid 
exposition. He was one of the first in Great Britain to introduce the 
system of C.G.S. units in his class teaching. In addition to his class 
lectures he gave some evening lectures of a more elementary character, and 
here showed and develoj)ed liis genius as a popular lecturer. In 1871 he 
published a work on * Exjierimental Mechanics,* the outcome of his evening 
lectures, Tliis was the first of the many popular books he wrote. 

In 1870 Ball read a paper before the Royal Irish Aomiemy oJi The 
Small Oscillations of a Rigid Body moving about a Fixed Point under no 
Forces.*’ This was the first of his many memoirs on the theory of screws. 
Tlie whole series was published in a single volume by the Cambridge 
University Press in 1900. A critical account of this important contribution 
to Mathematics is given at the end of this notice. 

In 1874 Ball was aj)]>ointed successor to Briimiow as Royal Astronomer 
of Ireland and Andrews Professor of Astronomy in the University of Dublin. 
The (.)l)servatovy, situated at Dunsink, a few miles from Dublin, yKissessed an 
excellent 12dnch telescope, the gift of Sir iJames South. This liad been 
employed by Brunuow in the investigation of stellar parallax, a branch of 
astronomy which his predecessor Brinckley had attempted half a century 
previously. Dr. Ball decided to pursue this important but diflicult researcli, 
and commenced with the star 61 Cygni, for which he obtained a result in good 
agreement with the classical determination by Bessel. From 187G to 1881 
he prosecuted an active search for sttirs of large parallax. In all, 368 stars 
were examined and the results published in the Dunsink Observations. In 
the preface to tliia memoir he states: " It is, of course, well known that up to 
the present no parallax of a star has been detected which excels one second 
of arc. In the majority of cases the parallax is much less, oven if it is 
ajjpreciable. But when we reflect that not one star out of every 10,000 has 
yet lx)en regularly examined for parallax, it is obvious that it would be rash 
to conclude that there are no stars nearer to us than any of those of whioli we 
abeady know the distance.” The results he obtained were negative, but it 
was nevertheless of iiiUjtrest to demonstrate that none of the stars presumably 
near the solar system were so close as to have a parallax as great as one second. 
The more refined observations of the heliometer and the photographic 
refracitor were shown to bo necjessary for the measurement of the small 
displacements of even the iieai^est stars. 

lu February, 1892, Sir Robert Ball sucweded Prof. Adams in the Lowndeon 
Chair of Astronomy and (Wunetry and the Directorship of the UBivewity 
Observatory at Cambridge. Xluring his directorate the valuable catalogue of 
stare, commenced in Adams* time, was completed and published by Mr. Graham. 
A photographic telescope, mounted on a novel plan according to a design 1^ 
Dr, Common, was erected for the purpose of tjarrying on reBearehes in afcella? 
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p®ml3ax This insfcmment was put tti very efficient use by Hhiks in 
ebservaCions of the planet Eros in 1900 and 1901 for the determination of the 
solar parallax^ and by Mr. Hinks and Prof. H. N. Eussell (then an advanced 
student of the University) for observations of stellar parallax. Sir Kofl>ert Ball 
maintained an interest in these parallax xosearclies, but loft their active 
proseoution to Mr. Hinks and Mr, Kussell 

As a lecturer on Mathematical Astronomy, Sir Rol>ert Ball gAve his pupils 
a hicbl cx|>o8ition of the classical writers on celestial mechanics. He wrote 
a text-book on * Spherical Astronomy/ intended for the use of University 
students. This book contains a chapter on the theory of astronomical 
inatruments, which is of special interest, as showing t/he geometrical bent 
of hiBjmathematical interests. 

Sir Robert Ball rendered great service by his po|>ular books and lectures. 
These awakened an interest in astronomy among a very wide circle of readers 
and hearers. A lecture which he delivered at the Midland Institute at 
Birmingham in 1881 attracted particular attention and established his fame 
(is a popular expositor of science. This lectui'e, entitled, “ A (llimpse 
through the (Jorridor.s of Time/' gave in popular language an outline of 
Sir George Darwin's tlieory of the tidal evolution of the Moon. As a 
lecturer he possessed great lucidity and brought abstruse subjects within 
the compi-eheiision of his audiences. Hi.s delightful gift of humour was 
always at hand to enliven any dull parts of a lecture and retain the attention 
of his hearers. He lectured in most of the large towns in Great Britain and 
in many cities of the United States and in Ganada. Probably more than a 
million people have heard liiin lecture. 

Among his many popular books, ‘ The Story of the Heavens/ published in 
1888; Story of the Sun/ published in 1893 ; and * Great Astronomers/ 
published in 1896, may be specially mentioned. Tl»ey are written in a very 
pleasant style, and the Jives of Aetronomerw, including those of Hamilton and 
Adams, his predecessors at l>ansink and Cambridge, are told in a delightful 
manner. 

In 1884, Ball l>ocame Scientific Adviser to the Commission of Irish Lights, 
in aucoeBsion to Tyndall, and always took the greatest delight in the annual 
cruise of the Commissioners round Ireland to inspect the lighthouses. In 
1886 the lionour of knighthood was conferred upon him. He was elected 
a Eellow of the Royal Society in 1873 and served on the Council in 1897-8. 
He was President of the Royal Astronomical Society, 1897-9. 

Xn 1868 he married Prances Elizabeth, daughter of the late Dr, W, E. 
Steele, Director of the Science and Art Museum, Dublin, He leaves four 
sons and two daughters. 

Sir Robert Ball died at Cambridge on November 25, 1913, after an illness 
which lingered for over two years. He was a most warm-hearted and kindly 
10 ^ and had a large circle of friends attracted by his genial manner, ready 
sym{wthy><^^ 
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Ball's ‘Theory of Screws ’ gives a very complete geometrical treatment 
of the problems of small movements in rigid dynamics, and in that respect 
is unique among English books. The small first edition appeared in 1876. 
Ten years later was published the Gennan ‘ Theotetische Mechanik Starrer 
Systeme ' of Gravelius, founded mainly upon Ball's memoirs. The “ twelfth 
and concluding" memoir in the Proceedings of the Royal Irish Academy 
was dated 1898, and tlie large and comprehensive work on the ‘ Tlioory of 
Screws ' was published in 1900. 

The keynote to the wliole method consists in tluj of the “screw/’ 
consisting of a line in sjmee together with an associated length. This 
geometric entity has a double use. It gives the axis and the pitcli of either 
a “wrench/' representing any system of forces, or of a “twist," representing 
the most general small displacement of n rigid body. The derivative 
relationships of which the method is built may be briefly described. Two 
screws are defined as “ reciprocal " when a wrench oh one screw does no 
work for a twist on the other, and so also conversely. A “ principal semw 
of inertia " is such that an impulsive wrench on it produces instantaneous 
twist on the same screw. “ Conjugate screws of inertia " are such that a 
twist on either is produced by an impulsive wrencli on a screw reciprocal 
to the other. Similarly for the forces of restitution: a “principal screw of 
potential ” is such that a twist on it evokes a wrench on the same screw, 
and “conjugate screws of potential" are such that a twist on either evokes 
a wrench on a screw reciprocal to the other. A “ harmonic screw " is sucIj 
that a twist on it evokes a wrench which produces a twist on the screw 
itself. A harmonic twist on such a screw is tlms one of the normal modes 
of oscillation of the body about its position of equilibrium. These relation- 
ships are intimately connected with the “ kinetic screw complex/' consisting 
of the screws for twists on which the kinetic energy is zero, and the 
“ potential screw complex " for which the potential energy is constant. 

With this apparatus a thorough investigation is made of the belmviour of a 
rigid body with any number of degrees of freedom from one to six. In the 
case of two degrees of freedom the notable “ cylindroid " presents itself, as the 
ctibic surface locus of the screw-axes of all possible twists. But the cylindroid 
is used fundamentally through the whole work, and a perspective view of the 
surface figures naturally as a frontispiece to the volume. Though not the 
actual discoverer of the surface (Bbmilton and Pltioker had found its chief 
property earlier), Ball certainly counts as its chief patron. He took always 
a lively interest in any development of its properties, and a beautifully 
made model placed in the collection of Cambridge University serves as a 
memento of its former owner. 

If the geometry of the linear complex had developed earlier, its immediate 
application to infinitesimal rigid dynamics should have followed as a logical 
consequence ; but the subject was in its infancy, and Ball had to invest%ate 
much of the geometry for himself as he progressed. This he was well 
able to do, and he seems to have made independent discovery of some of 
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the theorems of line-geomefcrj. The oouciseness and elegance, in particular, 
of the treatment of the case of two degrees of freedom by a circular diagram 
represents evidently his native geometric faculty. Perhaps some of the 
later developments seem less natural Any general system of bodies is 
dtmlt with under the description of a “ screw-cluiin '' ; but the arbitrary 
assignment of a definite sequence to the bodies forming the chain seems 
artificial as a mode of treat>merit In the case of the so-called permanent 
screws " the terminology at least seems inapt, for the jjermauence is only 
transient. 

For a most admirable and apjn'eciative survey oi the scoj)e of Hairs work 
on screws, reference may bo made to a review by Henri ei Nature/ Jmici 5, 
1890, pp. 127 -132) of the German treatise above mentionod. An oxcellenl 
account was given by Ball himself in his presidential address to the 
Mathematical Section of the British Association in 1887. He there uses 
some geonictrical abstractions, quaintly personified, as speakers in a dis- 
cussion ; and, under this whimsical garb, reveals the essence of his methods 
very pertinently and clearly. Through all Balls work there shows a fine 
enthusiasm for his subject and a most generous ap})reciatiou of tlio discoveries 
of others. In the year 1879 the Koyal Irish A(iademy awarded him tlie 
Cunningham Gold Medal, and his name thusotiours in a list which includes 
also those of Casey, MacCullagb, Hamilton, »Telletfc, and Salmon. By his 
many and excellent contributions tu.the geometry of kinematics and dynamics, 
Eobert Stawell Ball assuredly takes an honourable }ilace on the roll of Irish 
mathematicians. 


F. W. I), arid G. T. B, 
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LORP STIUTHCONA AND MOUNT ROYAL, 1820 4914. 

Siu DONAJ.P Alexander Smith, Baron Strathoona and Mount Royal, died 
on January 21 last in tiie 94th year of liiw age, 

Be was a man of very strong }>erBonality, who wrought out foi* himnolf 
a Htriking and remarkable eareer, acliieving succeas in many different 
paths, but having ever in view the welfare and progress of the Empire as a 
whole. 

Be was born at Forres, in the Scotch Highlands, on August C, 1820, and 
was the se(u>nd son of Alexaruler Smith, a merchant of Archiestown, and 
Barbara Stewart, whose brother, Jolin Stewart, was a well known fur trader 
in the Nortli-West Coni]>any, having its headquarters in Montreal. 

After receiving a good elementary t'ducation at the seliool at Forres, it 
hajjpened that on one occasion he visiUsd ManchosU^r in company with a 
friend of tlie rising young Loudon novelist, Charles Dickens, and made the 
acfpiaintance of a wealthy and highly esteemed family of merchants nanied 
Grant, who were cousins of the Smith family. 

These two warm-hearted mm have been introduced to the world under the 
name of the Oheeryble Brothers by Dickens. He was about to enter the 
office of tins firm when his uncle, John Stewart, returned to Scotland, and 
through his influence Donald Smith was appointed to a junior clerkship in 
the renowned Hudson's Kay Company, which at that time controlled the 
greater part of wdiat has since Ixicome the Dominion of Canada. He was 
18 years of ago at this time. The passage out to Canada occupied rather 
more than six weeks, wliile his return passiige to England on the 
“ Mauretania " shortly before his death oceupi(4 approximately six days. 

Upon his arrival he was sent to Labrador, one of the most remote and 
inacxjossible districts occupied by the Comj)any, where he remained for 13 
years at one or other of the Company's posts, engaged in trading with the 
Montagnais ludhins and such Eskimos as inhabited or wisited that most 
inhospitable coast. 

He was then promoted to the position of Cliief Trader in the Company's 
service, and after 10 years more spent on tlio shores of Hudson Bay he 
became a Chief Factor of the Company, and in 1868 became Chief Executive 
OlficAir of the Oompniiy, with his headquarters in Montreal, where ho took up 
luH residence, being now 48 years of age. 

The fact that the great prairies of Central and Western Canada were 
suitable for settlement w^as becoming generally recognised by the people of 
Canada at this time, and negotiations were opened up in tWs year for the 
eurreuder of the larida of the Hudson Bay Company to the Goveimment of 
the Dominion of Canada. Wlien, however, the Deed of Surrender was signed 
and the agents of the Gbvemmeut proceeded to Fort Garry (now Winnipeg), 
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the ignorant half-breeds, who with the Indians were the only residents of the 
eastern praudes at that time, thinking that the Government intended to 
deprive them of their lands, rose in revolt under a half-breed named Louis 
Riel, purposing either to establish an independent government or to take 
steps to have the country annexed to tho United States. Donald Smith was 
sent to the scene of trouble with a view to explain tho situation to the half- 
breeds and allay their fears. Upon his arrival at Fort Garry, he was stnxed 
by Kiel and held as a prisoner for about two months. He was, however, so 
far successful in carrying out his commission that, while tht* (rovorument 
found it advisable to send a small expedition under (Jolonel (afterwards 
Viscount Sir Garnet) Wolseloy to the sccme of the disturbance* upon the 
arrival of the troops Riel fled to the United St^ites and the revolt came to an 
end witliout a blow having been struck. 

Ujxm the collapse of the Riel rebellion, Donald Smith was elected to 
represent the constituency of Selkirk, one of the electoral divisions of this new 
territory, in the Doniiniun House of Parliament. 

About this time, in the early seventies, the necessity of building a trans- 
continental railway to open up this great western prairie country and 
especially to open up communication between Britisli Columbia and the rest, 
of the Dominkm became evident. In fact, one of the conditions under winch 
this colony (unne into the Canadian Confederation was that sucli a railway 
sliouhi be built within a i>eriod of TO years after tlx^ agreement lutd heon 
ratified. At the inception of this great enterprise Mi*. Smith strongly 
advocated the policy that the road should bo built by tho Government of 
Canada and not by a private company. JUit when both parries who came 
successively into power failed to make any substantial }»rogreBS with the work, 
he recognised that unless some company with the re(iui8ite initiative and 
(japiUl took the work in hand, the project would certainly not be realised 
within any reasonable time. In fact, tho failure of the Government to carry 
through this great undertaking whioli they had conunericed left Manitoba and 
tho other prairie provinces without any means of communication by railway 
with the outside world, and iu order to inmiediatoly supply this pressing need 
Donald Smith associated with himself a few other far-secung men and secured 
the control of the bankrupt and abandtmed St. Paul and l^ucilio Railway which 
had lieert built from St. l*aul in tho State of Minnesota to a p<jint not far froju 
the Canadian boundary. This having been done, the nwid, under the name 
of the St. Paul, Minneapolis and Manitolwi Railway, was oompiet,<!d to 
Winnipeg, tlius giving the needed outlet. Tho grout development oi this 
road subsequently brought very largo financial returns to the gentlemen who 
had possessed the foi-esight to construct it. 

In 1880 a syndicate was formed to take over the Canadian Pacific Railway 
from the Government, who had barely commenced tho road, and to complete 
at Although Mr. Smith's name did not appear as one 'of the contracting 
particMB, it was largely his energy, determination, and financial assistanai in 
tjtoes of great difficulty that carried the enterprise to a eucGessful conclusion. 
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** We had” he writes, “of course, a good deal of anxiety while the woric 
was going on, hut we wtiro sustained by the knowledge that it was approved 
of and supported by Canada as a whole, and that an important step was 
being taken not only in developing the resources of the country, but also in 
bringing Canada closer and yot more close to England and our sister 
colonies, thus forming a means of cementing together the various parts of 
the Empire,” He formally completed the building of the railway by driving 
the last spike on November 7, 1885, 

The year following Her Majesty l>estowed upon him a knighthood of the 
Order of St. Michael iuid St. George ; in 189G he was cimted a Knight of 
the Grand Cross of the same Order, and the following year he was raised to 
the peerage tis Ikroii Strathcona and Mount Eoyal. 

Upon tlio outbreak of the Boar War Lord Stratlicona raised in Canada a 
regiment of mountwlferiiiiantry, numbering about 600 and locruited largely 
from the North-West Mounted Police, known as the Strathcona Horse, 
which was equipped and transported to Africa at his own expense. They 
were attached to Lord Dundonald^s brigade. 

Lord Strathcona’s generosity knew no bounds. His benefactions were 
widespread lUJt only in Canada but also in Great Britain, Montreal, which 
was Lord Strathooua’s place of residence during most of his later years in 
Canada and one constituency of which (Montreal West) he represented 
during two Parliaments in the Dominion House, was the especial object of 
his munificence. In conjunction with Ix)rd Mount Stephen he erected and 
endowed the Jioyal Victoria Hospital in that city in commemoration of 
Queen Victorians Jubilee, which institution has by his will received a very 
large additional endowment. His benefactions to McGill University, of 
which lie was Chancellor, were numei-ous. Among these may be mentioned 
the Koyal Victoria College for Women, the new building which has just 
l>een erected for the Faculty of Medicine, and the endowment of the 
Strathcona Professorship of Zoology. 

Ijord Strathcona received the degree of LL.D. from the University of 
(kmluidge in 1887, from Yale University in 1892, from the University 
of Toronto in 1903, from the University of Durham in 1910, and from 
St. Andrew’s in 1911, In the year 1900 he was appointed Lord Hector of 
the University of Aberdeen. 

He was elected a Fellow of the Eoyal Society in 1904, and was Honorary 
Vice-President of the Eoyal Society of (Janada. 

He was also well known as a lover of the Arts, his picture galleries 
containing well knowm works by many of the great masters. Together with 
l/ird Mount Stephen he endowed a Canadian S<iholarahip in the Eoyal 
College of Music, London, and he subsequently endowed a second Sobolarship 
on his own account. 

From the year 1896 until his decease, Lord Sttatho<)na, as High Omr 
mmsionev for Canada, representod the Dominion in London, a position which 
he lilled with dignity and honour. His age, his talents, hk piine^ly 
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bertofjujtiotts, his wide sympathies, his wise and kindly philanthropies, his 
charming personality, and the admirable manner in which he represented 
Canada in Great Britain, endeared Lord Strathoona to the Canadian people 
in a very especial manner, and no one in the Dominion was ever so beloved 
by all. He gave a long life to the enlargement of the Empire and the 
knitting together of its strength. 

F. D. A. 


EARL OF CRAWFORD, K.T., 1847-1913. 

James Ludovic Lindsay, 26th Earl of Crawford, was born in 1847. Among 
his many scientific and bibliographical interests, Astronomy took the foremost 
place during his moat active years. He established and maintained at 
Dimecht, near Aberdeen, an observatory and an astronomical library that can 
have had few parallels for completeness. In this work, which began in 1872, 
Lord Lindsay, as he then was, worked in fortunate association and rival 
enthusiasm with David Gill, the son of an Aberdeen merchant, who had then 
already made his mark upon the science. The chief instruments were an 
8i-inch transit circle, by Simms, a 16-inch equatorial; by Grubb (at that date 
a large aperture), many spectroscopes, and other physical apparatus. The 
library contained many treasures, and bibliographical notes in many of the 
books testify to Lord Lindsay's intimacy with them. One feature of the 
Dunecht observatory was the issue of circulars in which early infoimation 
of astronomical events, the places of comets, and so forth, was conveyed to a 
number of other observers. 

In 1874 Lord Lindsay, with Gill, organised an expedition to Mauritius to 
observe the toansit of Venus. The results of the transit were disappointing. 
But incidentally a large amount of valuable longitude work was performed. 
In 1876, Gill was succeeded in the charge of the observatory by Dr: Ralph 
Copeland. 

In 1880, Lord Lindsay succeeded to the earldom, and shortly after decided 
to part with his estate at Dunecht and remove his observatory to Balcarres 
in Mfe. Circumstances arose which diverted his intention. On the resigna- 
tion of C. Viuti Smyth, the Royal Observatory at Edinburgh, then miserably 
housed on the Calton Hill, was in danger of extinction. Lord Crawford 
saved the situation by offering the whole of his magnificent collection, instru- 
ments, printed books, and manuscripts, to the nation, provided that a proper 
e^teblishment was maintained. The gift was accepted, and the new 
obwtfVfttory on the Blackford Hill was opened in 1896, 
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This terminated Lord Crawford's connection with Astronomy, but be was 
always a lover of books, and continued to make other bibliographical 
collections until his death. He was also well known as a yachtsman, and, in 
1906, made an extended voyage in the South Atlantic and Indian Oceans 
collecting specimens of natural history. 

Lor^i Crawford was president of the Eo 3 "al ABtronomical Society in 1878 
and 1879. In the former year he was elected a Fellow of our Society. As 
Baron Wigan lie took an active part in the management of the Public libmry 
at Wigan and enriched it by many valuable gifts. He died on January 31, 
1918, and is succeeded by his son. 

R. A. S. 


SIB DAVID DILL, K.C.B., 1843-1914. 

David CUll, sou of David Gill, J.P., of Blairythan, Aberdeenshire, was born 
at Aberdeen on June 12, 1843. He attended the Bellevue Academy in that 
city till he reached tlie age of 14, when he was sent to the Dollar Academy, 
where the teaching of Dr. Lindsay imparted to him a love of Mathematics, 
Physics, and Chemistry. He proceeded to Marischal College and University, 
Al)ercleen, where his love of science was developed under the inspiring 
influence of Clerk Maxwell. In tlie ‘History of the Cape Observatory,* 
publislied only a lew montlis before his death, Gill tells of the pleasure he 
derived from MaxwMl’s teaching. After lectures, orily perhaps partially 
understood, Maxwell would stay for hours in his lecture room with a few of 
the best studentH and discuss points which occurred to him or to thorn, or 
show them experiments he was making at the time. These conversations 
with Maxwell profoundly influenced Gill, and implanted in him a deep 
deshe for a liie of scientific investigation. This was not, however, realised 
at lirst. Giirs father, who had a prosperous old-established busineefl itt 
clocks, was anxious that his son should succeed him. Gill reluotantdy 
consented and entered his father’s business, of which after a few years he took 
complete charge. He consoled himself by devoting all bis spare time to 
Physics and Chemistry in a small laboratory he had established in his fatheiJ*s 
house. With characteristic thoroughness, liowever, be mastered all the 
details of his business, and to the end of his life kept on his atudy inanteL 
piece a beautiful clock made with his own hands. 

His si)ecial interest in Astronomy began in 1863. It occurred to liim that 
a time service in Aberdeen such as Piazzi Smyth had established in Minhui;^ 
would be of great value to the city. He discussed the matter with David 
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* Tbomsan, ProfdBsor of Natural Philosophy in King's CJollege, Aberdeen, 
Thomson gave him an introduction to Piazzi Smyth, whom he visited at 
Edinburgh, Here lie was shown *not only the arrangemejita for the time- 
gun and ball, but all the instruments of the Observatory on the Culton 
HilL From that day he took a new interest in Astronomy, and, on bis 
iHiturn to Aberdeen, proceeded with Prof, Thomson to re-establish the disused 
Observatory ” of King's College, A small portable transit-instrument was 
tinearthed, mounted on its piers and adjusted. The Observatory possessed 
a good sidereal clock. A mean solar clock was added, with aiTangements 
for altering its rate, so that it could be kept within a fraction of a second of 
Greenwich time. Contact springs were fitted to it so that electric currents 
were sent each second, and in this way the turret clock of the college and 
other clocks in the town were controlled. 

When the time service had been got into working order, a Dallmeyer 
telescope of inches aperture atid 4 feet focus was obtaine<l for the 
College, and Gill made some micrometric ol)8ervations of double stars. 
Although the object glass was good, the mounting was too weak for the 
observations to be quite satisfactory. Gill therefore purchased for himself, 
from the Eev. Henry Cooper-Key, a speculum of 12 inches aperture 
and 10 feet focus. He designed an equatorial mounting himself, and had 
the heavy parts of the instruments made to his own working drawings 
by a firm of shipbuilders in Aberdeen. The driving circle, its tangent 
screw, and slow motion, as well as the declination circle, were made by 
Messrs. Cooke, of York, The driving clock, which he made with his own 
hands, was on the same general plan as Airy's chronograph at Gi’eenwich, 
This was his first experiment in the design and construction of astro- 
nomical iustruments, and it is interesting to note that in the course of his 
life he never came across a driving clock which worked more satisfactorily. 
The instrument was employed in the observations of double stars and nebulae, 
and in photographs of the Moon. One of the latter, which he presented to 
Sir W. Huggins, has recently come into the possession of the Eoyal Astro- 
nomical Society and is of great excellence. 

In 1870 he married Isobel, second daughter of Mr. John Black, linhead, 
Aberdeenshire. They settled in the town of Aberdeen, near the Observatory, 
Shortly after their marriage Gill was faced with the alternative of continuing 
in a prosi>erotts business and working at Astronomy as an amateur after 
business hours, or of following his own inclinations, and giving this up for a 
much smaller income and tie opportunity of devoting his time exclusively to 
science. The dedsimi he took with Mrs. Gill's full approval and support, and 
which they never regretted, was to make the pecuniary sacrifice so that Gill's 
deep interest in Astronomy might be fully gratified. 

The occasion of tliis chwge in Gill's position arose through a friendship 
which had grown up between him and Lord Lindsay, who was interested 
in GilTs ^otpgraphs of the Moon and afterwards attracted by bis scientific 
L^d lindsay was an enthusiastic amateur astronomer and 
" e.2' 
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proponed to erect a private observatory at Dunecht, In 1872, his father* 
the Earl of Crawford, and Balcaires, wrote to Gill offering him the charge 
of this observatory. Gill gratefully 'aoceptM the offer, and, when lus business 
affairs were wound up, moved to Duneoht. Here he was soon engaged 
on the congenial task of the design and erection of the fine private observatory 
which Lord Lindsay projected. 

Tlie years 1872-74 were busily employed in the equipment of the 
observatory. This comprised a 15-inch refractor by Grubb, an 8-inch 
reversible transit circle by Troughton and Simms, a 12-inch mirror which 
Gill had at Aberdeen, a 4-inch heliometer by Kepsold, and a number of 
smaller instruments. Preparations wore also made for an expedition to 
Maiiritius to observe the transit of Venus in 1874. In connection with 
this expedition and the building of the observatory at Dunecht, Gill paid 
visits to most of the European Observatories. Thus acquaintanceships were 
mode which ripened in several cases to a lifelong friendship. 

In view of the possibility of the British sUition at Mauritius becoming a 
central one to wluch the longitudes of surrounding stations would be referred. 
Lord Lindsay decided that the longitude of Mauritius should be determined 
with as much accuracy as possible. He and Gill proposed to. determine the 
longitude Greenwich-Aden telegraphically, and Aden-Mauritius by the 
transportation of chronometers. Tlie section Greeuwich-Aden W'as com- 
pleted by tlie chain Greenwich-Berlin-Malta-Alexandria-Suez-Aden, The 
time determinations at the intermediate stations had to be made between 
the arrivar and departure of steamers. A theodolite mounted on a tripod 
was employed by Gill, and subsequent determinations have shown the great 
accuracy of the results ho obtained with this small instrument. The carriage 
of the chronometers was a matter of some difficulty, especially their embarka- 
tion and landing at ports where only coloured labour was available. No less 
than fifty were hired from the leading makers, very carefully packed and 
mounted, compared before starting, and then carried with incessant watch- 
fulness from Greenwich-Aden, Aden-Maiiritiua, and back again. 

The main interest of the expedition to Mauritius centres in the heliometer 
observations of the minor planet Juno, which were made for the determina- 
tion of the solar parallax. As Lord Lindsay *s arrival with the heliomtter 
was delayed by unfavourable winds, the observations could not be begrm 
a week after opposition. ’Nevertheless, after a series of observations extend* 
ing over 12 evenings and 11 mornings, the value 8*77 seconds was obtained 
for the solar parallax with a probable error, ±0*041 see. The discussion of 
these observations gave Gill a profound conviction of the posfidbilities of the 
heliometer for measarements of great refinement, and influenced his future 
work very materially. Thus, although the observations of the trai^it of 
Venus failed in their direct object, this expedition became the starting 
point of a method by which the Sun's distance has since been determined 
with tlie highest accuracy. . ! ; 

On the return journey from this expedition Gill obtained Mb first axperi- 
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©nee in geodetic work. While he was at Mauritius, he was invited by 
General Stone, Chief of the Military Staff of the Khedive, to return through 
Egypt and measure the base line for the survey which was projected. With 
Ix>rd Lindsay *8 ready assent, Gill undertook this task, and, with the assistance 
of the American astronomer, Prof. Watson, who happened to be at Cairo, 
laid down a base line near the Sphinx, using a base-measuring apparatus 
belonging to the Egyptian Government eoustrncted by Brunner, of Paris. 

The next great piece of work which engaged Gill's attention was the 
determination of the solar parallax from the exceptionally favourable 
opposition of Mars in 1877. He was aware of the advantage which a 
minor planet possessed for this purpose, owing to its Imving no perceptible 
disc, but the geometrical conditions of the opposition of 1877 were so 
favourable that he considered that the opportunity of utilising it was not to 
be missed. Although Gill had left Dunecht in 1876, he had obtained from 
Lord Lindsay the loan of his heliometer, conditionally \ipon his obtaining 
the means to undertake this expedition. 

The mm of £500 was provided, half by the lioyal Astronomical Society 
and lialf by the Government Grant Fund of the Eoyal Society, The Island 
of Ascension was chosen as the station for observation, as its latitude 
(8° south of the equator) made the base line obtained from evening and 
morning observations of Mars a large one, and on account of the south 
declination of Mars, Lady Gill accompanied her husband and wrote a 
delightful account of the expedition,^ which gives a picture of its incidents 
and anxieties. They were on the island for seven months. At first the 
Observatory was set np at Garrison. Lady Gill writes : — 

Fearful of losing one hour of starlight wo watched alternately for moments of break 
in the cloud, sometimes with partial success, but more frequently with no result but 
uttor disappointment, and the mental and physical strain, increasing every night, grew 
almost beyond our strength .... when one day David spoke and took away my breath. 
He said, “ Let us prove how far this cloud extends and tiud out whether there is any 
accessible part of the island not covered by it.” 

The clouds only tame up at night, and Gill could not leave the Observatory 
at a time so near opposition. He yielded to his wife's wish that she should 
make the necessary exploration. Lady Gill found a spot in the south-west 
corner of the island much freer from cloud. But this was difficult of access. 
The surf made landing from the sea only possible nowand then, and the 
teansport of instnpnents which could not be repaired, if injured, over rooky 
country without roads was not to be lightly undertaken. 

On the one hand my husband felt, If I stay here and fail, I shall have failed also in 
my duty, uot having done my utmost. On the other hand, every night ia now of 
in^portanco, and a week is certainly, if I pull down the Observatory, while the 
sliglttest accident to an instrument here, with no one to repair it, will be fatal to the 

"*** *$ix Months in Ascension; An Unscientific Account of a Scientific Expedition, 
iby Mrs. Gill* John Murray, London, 1878. 
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expedition, Ye» 1 both “ ifs ” were unpleasant, but the first woe intolerable, and after a 
day of anxious thought David made up his mind that on attempt to reach South Point 
miut be made. 

The Observatory was moved without accident to the new site, which they 
called Mars Bay, and only five days elapsed before successful morning and 
evening observations were made. 

This laborious and difficult enterprise was crowned with success. The 
solar parallax was determined as 8*78 seconds, with a probable error of 
± 0‘0i2 second, a considerable advance on previous determinations ; but 
Giirs exi>erieuce convinced him that for a definitive determination a minor 
planet must be iised, as it was impossible to set a star on the limb of the 
planet without danger of systematic personal error. A second important 
result of the investigation was the clear evidence afforded by comparison of 
the positions of the reference stars obtained by transit circle observations 
with their relative positions given by the heliometric measurements that 
there was among meridian observers a personal equation depending on the 
magnitude of the star, whose general tendency was to make faint star's late 
relatively to bright ones. This “ magnitude equation,^' suspected by Bessel 
and investigated to a certain extent by Argelander, is of special importance 
wherever meridian observations are used in conjunction with others^ whether 
heliomekic or photographic. Its serious consideration dates from this time, 
and modifications have since been introduced into methods of observing for 
the purpose of its elimination. 

In 1879 Gill was appointed H.M. Astronomer at the Cape. He possessed 
unrivalled skill as an observer, was never satisfied with anything less than 
the most accurate work, and spared no pains to avoid all errors of systematic 
character. His engineering and mechanical skill added greatly to his 
qualifications for the directorship of an observatory which needed to be 
re-equipped. But the qualities which marked him out for success in this 
new post were his abounding energy and enthusiasm and his resolute 
perseverance. Immediately after his appointment he visited the observa- 
tories at Paris, Leiden, Groningen, Hamburg, Copenhagen, Helsingfors, 
Poulkova, and Strassburg, learning the aims and methods of different 
astronomers and coming into touch with them. He was particularly 
impressed by Winnecke at Strassburg, whom he regarded as the greatest 
astronomical teacher of the day, and by the earnest band of students whom 
he had gathered around him. 

The Cape Observatory had been founded in 1820 by the Lords Com- 
missionet's of the Admiralty on the recommendation of the Board of 
Longitude. Fallows, the first of His Majesty's Astronomei’s, established 
the Observatory on a bare, rocky hill, within sight of Table Bay, and eom- 
menced meridian observations of the positions of stats and planets. He 
died in 1831, and was succeeded by Henderson, who in one year made a 
large number of valuable observations of stars, and whose name is associated 
with his discovery of the distance of « Centauri. Henderson was suc<^dsd 
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by Maolear, whose directorate lasted from 1833 to 1870 ; Maclear added 
magnetic, meteorolo^cal, and tidal observations to the work of the ObBorvatoiy 
and oommeneed the geodetic survey of South Africa, Stone devoted his 
attention (1870--1879) mainly to a great catalogue of 12,441 stars, in which 
he re^observed all the stars observed by Lacaille in 1703. 

The national character of the Observatory made the continuance and 
improvement of meridian observations an essential part of the work of the 
Cape Observatory. The traditions left by Maclear and Henderson suggested 
that geodetic investigations and determinations of stellar parallax ought to 
bo carried out. Researches in both of these directions were in harmony 
with Gill's tastes and previous experience. During his stay at the Cape 
the whole of this programme was carrie^d out. Old meridian observations 
were reduced and published, a new instrument embodying new and most 
useful features was installed ; tlie geodetic survey of South Africa was 
co-ordinated, and a work of fundamental importance towards the determina- 
tion of the size and shape of the Earth initiated ; the distances of the Sun 
and a number of stars were determined with unexampled precision. In 
addition, at least three very valuable projects were executed, which wei'e 
not foreseen in 1879, the * Cape Photographic Durchmusterung,' the * Inter- 
national Photographic Chart of the Heavens,’ and the establishment of a 
large telescope for si)ectroscopic and other work. To these projects Gill gave 
both guidance and driving force. 

Soon after his appointment to the Cape, Gill bought from Lord Crawford 
the 4-inch heliometer with a view of commencing forthwith researches on 
stellar parallax. In this work he secured the assistance of a young 
American astronomer, Mr. W. L. Elkin, a pupil of Winnecke's, who had 
selected * The Parallax of « Centauri ' as the subject of his dissertation 
for his Doctor's degree. Elkin went to the Cape in January, 1881, and 
stayed there 18 months as a guest of Dr. aiid Mrs. Gill. Nine stars were 
chosen as suitable for parallax determinations on account of their bright- 
ness or large proper motion. Gill and Elkin decided that three of these 
stars, at Centauri, Sirius, and « Indi, should be observed by both of them, 
but using different comparison stars, in order to furnish a check on possible 
systematic errors. The results obtained from this arduous and very skilful 
observing were very valuable. I'he distances of « Centauri and Sirius were 
determined to within a small percentage of the total amount, and Canopus, 
the brightest star in the sky except Sirius, was found to be at a great 
distance, not less than a hundred times that of Sirius. The high accuracy 
obtained with this small telescope is very remarkable, but its use was 
found by experienoe to be hampered by the small field, which limited the 
choice of comparison stars. Gill therefore urged upon Hio Admiralty the 
desimbility of obtaining a larger instrument, and the purchase of a 7-itich 
heliometer was sanctioned. This was constructed by Messrs. Repsold, of 
Hamburg, who embo(Med in their design a numl^r of improvements and 
rethemCnts suggested by Gill's experience. The iustrument was completed 
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in 1887 and housed in an^ebservatory specially built for it. The prc^mmtne 
which Gill set before himself was not so much to deternaine the par^ax of 
individual stars as to. find out what general relationships existed the 

parallaxes of stars and their magnitudes and the amount of their proper 
motions. Work was therefore first directed on the brightest stai*s of the 
Southern Hemisphere. The actual observations, involving much painstaking 
and trying work for some hours after sunset and before sunrise, were carried 
out largely by Gill himself. One star was wholly observed by Mr, Finlay, 
Chief Assistant at the Observatory, and two stars were observed by both Gill 
and Finlay. In 1897, Mr. W, de Sitter, a pupil of Prof. Kapteyn's, joined 
the staff of the Cape Observatory for a short time, and, among other observa- 
tions with the heliometer, determined the parallaxes of four stains of large 
proper motion. The results of the researches on stellar parallax were published 
in a volume of the ' Cape Annals ' in 1900. This contains all the determina- 
tions of parallax of stars in the Southern Hemisphere, and comprises the 
12 stars brighter than the secoird magnitude, and 10 stars selected on account 
of their large proper motions, Tlie 10 quick-moving stars all proved to be 
compaiutively near, but the briglitest stars were found to be at very great 
distances, except a Centauri, Sirius, and « Piscis Australis, all of which have 
considerable proper motions. The accuracy of the work may be said to mark 
au era in the determination of stellar parallax. It is exceeded, but not 
greatly, by the best photographic determinations, but these are made with 
very much larger telescopes, and, of course, with much less trouble. This 
precision is, in part, due to Gill's great personal skill as an observer, and, in 
part, to the admirable design of the instrument. He was. not content to 
make many observations with small apparent error, but investigated, or 
eliminated, all causes introducing error of systematic character. 

The success which had attended the observations of Juno in Mauritius and 
Mars in Ascension made Gill desirous of using the 7-mch heliometer at the 
first available opportunity to determine the solar parallax by observations of 
a minor planet when in opposition. The solar parallax enters as a coefficient 
into various teims in the theories of Sun, Moon and planets, and may there- 
fore be deduced from the observed values of these terms. It is also derivable 
fi’om the value of the constant of aberration, the velocity of light being 
obtained from laboratory measurements. But it was of great importance to 
determine this fundamental constant by direct geometrical methods, and to 
show that the value agreed with, or wherein and why it differed from, the 
value found in less direct ways. The transit of Venus of 1874, on which great 
hopes had teen pleioed and on which very large ^ums of money had been 
spent in equipping expeditions to all parts of the world, had proved very 
disappointing. The various phases of the transit did not admit of sufficiently 
precise observation, a fact forcibly illustrated by the different results, ; 
8*76 seconds and 8‘90 seconds, derived by Airy and Stone respectively froi^/ 
the same observationa ^Looking forward to the available opportunities, Gill 
found that a favourable opposition of Iris would occur in 1888 and of Victoria 
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and Sappho in 1889. The co-operation of the Yale Observatory was secured 
for ohjiprvatious of Irk, and suitable comtjarison stare were chosen so that 
* simul^eous observations should be made in the evening at Yale and in the 
morning at the Cape. Thk plan was slightly nioditied by the addition of the 
itaddiffe Observatory, Oxford, and the Leipzig Observatory to the schemes, and 
a number of evening observations were made at Yale for comparison with 
these. Between October 10 and December 13, 1888, over 1000 measures 
were made of the distance of the planet from various comparison stars at the 
four observatories, and were utilised for the determination of the solar 
parallax. The resulting value from a discussion by Dr. Elkin was 
8*812 seconds, with a probable error of ±0*009 second. 

for the observations of Victoria a very complete programme was devised* 
involving the co-operation of many observatories. It was desired to obtain 
the relative positions of the comparison stars with such accuracy that the 
error in tlie resulting parallax arising from the uncertainties in the framework 
of reference points should be negligible. Thus the errors would be confined 
to tliose of the heliometer ineas^ires of the distance of the planet from tlie 
stars and to errors in the ephemeris. Meridiaii observations of the stars were 
secured at no less than 20 observatories. These were combined by'Dr. Auwers 
so as to give tlic best positions of the stars. The declinations were sufficiently 
good, but the right ascensions showed somewhat large discrepancies. Accord- 
ingly a heliometric triangulation of the stars was made by Grill, Elkin and 
Schur in 1890. By this means the weight of the position of the reference 
stars was largely increased, and the probable error of the final results reduced 
to ±0*03 second. The actual observations of Victoria were rna^leat the Cape 
by Gill and Auwers, at Yale by Elkin and Hall, at I^eipzig by Peter, at 
Gottingen by Schur, and at Bamberg by Hartwig. 

A preliminary discussion of the obsei’vations showed that the errors of the 
ephemeris computed by the aid of 7-figure logarithms from Ijeverrier's tables 
of the Sun were greater than those of the observations, A new ephemeris was 
constnicted at the office of the ' Berliner Jahrbuch,* using S-figuro logarithms, 
and paying special attention to the accuracy of the terms depending on the’ 
position of the Moon. The value of the solar parallax derived from the 
observations of Victoria was 8*8013 seconds ±0*0061 second, and it is of 
interest to note that the Cape observations alone gave an identical result, 
8“8014 seconds, with the larger but still very small probable error of ±0*0108 
seconds. 

The observations of Sappho did not form so complete a series as those 
of Victoria, nor was the ephemeris constructed with the same care. Never- 
theless a very accordant series of observations at the Cape and the four 
Northern observatories gave the result 8*7981 seconds, in satisfactory 
agreement with those obtained from Victoria and. Iris, and with a probable 
error of ± 0*0114 second. The final result for the solar parallax found from 
the three planets was 8*804 seconds, with a probable error slightly less than 
± 0*006 second. 
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Only one criticiam has been urged against tluj acceptance of this probable 
error as a measure of the real accuracy of this result It was tnrged by 
Prot Newcomb that if the mean wave-length of the light of a minor planet 
were somewhat different from that of the comparison stars, then atmospheric 
dispersion would introduce a systematic error into the result. Gill met 
this by the assertion that an observer with the heliometer unconsciously 
matched the different colours of the very small spectra int<j which the 
images were dispersed, when he superposed one image over the other. In 
support of this contention he chose* tlie very red star, S Sagittarii, and had 
its distance measured from comparison stars when it was at different altitudes 
by Mr. de Sitter and Mr. Lowinger. No perceptible effect arising from 
atmospheric dispersion was detected, and he therefore concluded that the 
effect must be negligible in the case of Victoria and Iris, which were to 
the eyes indistinguishable in colour from their comparison stars. Gill’s 
value of the solar j>arallax has been confirmeti by the observations of Eros 
and by a determination made at the Cape from spectroscopic observations of 
the velocity of the Earth in its orbit. 

Wlien the observations of Iris, Victoria, and Sappho were being discussed, 
it appeared tlxat the residuals showed a i)eriod of about 27 days. This was 
traced to the lunar inequality of the Earth's motion round the Sun. Each 
month the Earth describes an orbit about the centre of gravity of the Earth 
and the Moon. The dimensions of this orbit are determinable from the 
inequalities in the positions of Victoria, Iris, and Sappho ; and from the 
dimensions of the orbit the ratio of the masses of the Earth and Moon may 
be calculated. In this way Gill found for the mass of the Moon 1/81-60, a 
value confirmed by Mr. Hinks’ discussion of the observations of Eros. 
Although not of the same importance as the solar parallax, this is a more 
difficult quantity to determine. The excellence of the determination of the 
positions of the stars which served as the reference points is the secret of 
Gill’s success in this work. There was a thorou^ness and completeness 
which made liis research a model, and one which was, in fact, closely followed 
in the later Eros investigation. 

The determination of the mass of Jupiter is a third important research 
made with the 7-ineh heliometer. This was partly the observational work of 
Gill himself, and in part resulted from the younger astronomers whose 
enthusiasm he had kindled. Before Gill had taken up his appointment at 
the Cape, Adams had urged on him the need for observations to give the 
latitudes of the satellites of Jupiter, the longitudes alone being determined 
satisfactorily from eclipses. As it is not possible to obtain sufficient precision 
by measuring the positions of the satellites relatively to the planet. Gill 
adopted a method employed by Hermann Struve and obtained their positions 
relatively to one another. In 1891 he made a considerable series of obser- 
vations and a smaller series was obtained by Finlay. The most interesting 
feature of this research is the care employed on the scale value of the heliometer, 
so that the observations might be employed to give the mass of Jupiter. A 
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pair of fitoadard stars whose position-angle agreed nearly with the plax^ of 
the satellites was selected, and the scale value of the heliometer corrected by 
constant reference to these stars* Their absolute distance apart was derived 
by relating them to the Victoria triangulation, and found with a probable 
error of 1 in 100,000. The observations ware not reduced till de Sitter's 
visit to the Cape, when he discussed them, and obtained a very accurate 
value for the mass of Jupiter, and also determined corrections to tlie positions 
of the planes of the four satellites* The subject was pursued further by 
Bryan Cookson, who visiteil the Cape in 1901-2 and again in 1905, and made 
a series of observations with the heliometer, while photographs were taken 
with the astrographic telescope. In this and subsequent work of de Sitter 
Gill took great interest, and was anxious that work on these satellites should 
bo continued with large photographic telescopes. The mass of Jupiter 
found by de Sitter agreed closely with that derived by Newcomb from the 
perturbations produced in Saturn and the minor planets Themis and 
Polyhymnia by the action of Jupiter. 

The introduction of the lieliometer was a now departure in the histoiy of 
the Cape Observatory, Following the procedure established by Airy at 
Greenwich, the work of the Observatory had till the time of Gill been mainly 
devoted to meridian observations. In consonance with the practical aim of 
being of service to navigation, Airy liad made it his first business to determine 
the positions of Sun, Moon, planets and the brightest stars with all accuracy 
possible. This had resulted in a very full Imowledge of the movements of the 
members of the Solar system and served as the basis of tables for the 
National Ephemerides. This work is of great imiwrtauce, but the observa- 
tions require to be carefully organised and constantly carried on. There is, 
however, no finality about it, and it tends to l)ecome of a somewhat routine 
character. By directing attention to other problems of Astronomy, and at 
the same time introducing a class of observations which demanded the greatest 
skill and care on the part of the observer, Gill gave new life to the Cape 
Observatory and new stimulus to British Astronomy. He did not, however, 
fail to recognise the importance of meridian work. He had in mind, from the 
time of his appointment, the improvement and development of Fundamental 
Astronomy. In particiUar, he desired to introduce a reversible transit circle, 
but this proposal did not meet with any encouragement from Airy and was 
postponed for a time. Observations with the non-reversible instrument were 
continued. A list of 303 fundamental stars, selected by his friend 
Prof. Auwera, were fully observed between 1879 and, 1886, as well as 
Zodiacal stars, reference stars for beliometer and other observations, and 
stars which, in oonjunction with observations at Greenwich, would serve to 
determine astronomical refraction. This formed the Cape Catalogue of 1713 
SJtars for the Epoch 1885. The stars observed between 1886 and 1895 were 
of a similf^T ; the results are contained in tlie Cape Catalogue ef 3007 
Stars for the Epoch 1890. 

■The next work with this instrument consisted in the observations of the 
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positions of 8560 stars between —41® and —51® declination, intended to 
Serve as points of reference for the photographs, taken at the Oape, for the 
International Astrographic Survey* After this had been completed observa- 
tions were begun towards a catalogue of Zodiac^al stars, for use in heliometric 
and other observations in which the dilfereutial positions of the Moon or 
planets are obtained. For this work the oo-operatibn of a number of other 
Observatories was secured* Although the results of several of these observa- 
tories have teen published, the co-ordination of the whole series of observa- 
tions into a Standard Catalogue lias not as yet been made. 

During Giirs directorate the reduction and publication of Maclear's observa- 
tions was completed. Maclear had left a large amount of valuable material 
with which he had teen unable to reduce, but which his successors Stone and 
Gill have now discussed,* thus giving the positions of a large number of 
southern stars at the middle of the nineteenth century. 

While carrying out observations with the old transit circle, Gill kept 
constantly in mind his scheme for a new* reversible transit circle, and steadily 
worked towards this end and lost no opportunity of advancing it. The 
necessary expenditure was sanctioned in 1897, and Gill devoted his thought 
to the design and construction of an instrument which should te, as far as 
possible, free from the systematic errors which are the bane of Fundamental 
Astronomy. His great experience and his mechanical and engineering skill 
fitted him admirably for this difficult task. The difficulties which have to 
be faced arise from want of stability of the instrument, due to movements 
of the ground from changes caused by temperature in the atmosphere of 
the observing room and the positions of reading microscopes or the divisions 
of the circle, from uncertainties in the flexure of the telescope, and from 
personal errors inherent in the methods of observation. The instrument 
was designed so as to be reversible on its pivots, thus providing a ■ check on 
the collimation, and with the eye-end and the object glass interchangeable, 
so that in the mean of the two positions the astronomical flexure should be 
eliminated. Temperature changes were minimised by making the instrument 
of iron or steel, which had a coefficient of expansion nearly equal to that of 
glass, and by carefully covering it with insulating material and so protecting 
it from the heat of tlie observer's body and other irregular radiations. The 
piers carrying the microscope were iron tanks containing water, so that 
constancy of temperature was preserved particularly in horizontal layers. 
But the most interesting and novel feature of this transit circle is found in 
the meridian marks. Permanent marks were obtained at depths of 30-40 fCet 
in the Archaic rook, Marks on the surface vertically above these were deter- 
mined optically on the principle of Bohnenberger's eyepiece, and this provided 
long focus collimators both north and south of the transit circle, by medtns of 
which its shift in azimuth may be readily determined at all times. Th is 
ingenious plan proved very successful and has teen copied by several obsem- 
tories. For the elimination of personal errors of the observer, he adopted 
the principle of the travelling wire, and developed the method of emplojdhg a 
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motor to make the wire move at approximately the rate of the star, the 
observer having only to keep the image bisected by means of slow motions. 
The iustmment was not brought into full use till after Giirs retirement, but 
the excellent results which were obtained under his successor-s dkeotion were 
a source of great satisfaction to him. A remarkable proof of the vahm of the 
undergi'ound marks was shown by the detection of the movement of the 
Earth's pole in azimuth corresponding to the well-known variation of 
latitude. 

In the development of stellar photography Gill took a considerable share. 
In 1882, the comet discovered by Mr. Finlay at the Cape Observatory was 
photographed by several people with ordinary cameras and without adequate 
means for following the diurnal motion. Gill strapped a camera with a 
2i-mch Uallmeyer lens of 11 inches focus on the counterpoise of an 
equatorial, telescope, and obtained a series of photographs, interesting os 
I'epresentations of tlie comet, but specially remarkable for the large number 
of stars shown on the plate. The images were in excellent definition over a 
considerable field and the practicability of constructing star maps by photo- 
graphic means was clearly indicated. Gill accordingly obtained from 
Mr, J. H. iJallrneyer a rapid rectilinear lens" of 6 inches focus and 
54 inches focal length, and, with the assistance of a grant from the Royal 
Society, commenced in February, 1885, a photographic survey of the southern 
sky. In December of the same year he received from Prof. Kapteyn, of 
Groningen, a proposal to undertake the measurement of these photographs 
and the formation of a * Durchrausterung ’ or catalogue of the approximate 
positions and magnitudes of the stars. Gill welcomed this offer of co-operation 
very heartily. The methods to be pursued were discussed and the plates 
forwarded to Groningen. The work was completed most successfully by 
Kapteyn, who began the measurement in October, 1886, and completed it in 
February, 1898. The result!?! are contained in three large volumes of the 
* Annals of the Cape Observatory,' and comprise a complete survey of the 
southern sky between —18^ declination and the South Pole, The positions 
and photographic magnitudes of more than 400,000 stars were determined ; 
the Durchmusterung has been of the greatest service to astronomers in the 
southern hemisphere, and has served as a basis of important cosmical 
discussions by Kapteyn and others. 

In December^ 1882, Gill forwarded to Admiral Mouchez a short paper, 
for communication to the French Academy of Sciences, accompanied by 
photographs of Finlay's Comet, expressing his views on the practicability of 
charting the stars by means of photography. At this time Messrs. Paul and 
Prosper Henry, at the Paris Observatory, were engaged in charting the 
Zodiac. As they approached the Milky Way the difficulty of the task 
caused them to consider the possibility of employing pbotograplno methods. 
QiU'fi cominunioation came at ,iwi opportune moment, and they were 
eneparaged by AdmirarMouohez to proceed with the construction of object 
glasses suitable lor this purpose. Their constructive ability, combined with 
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the administrative skill of Mouohez and the peraistenoe and enthusiasm of 
Uill* were the foundation of the great inteinational enterprise for oataloguing 
and charting the whole sky by pliotograpbs on the large scale of 1 mm. to 
one minute of arc, Trom its inception in 1887 to the time <rf his death 
Gill assisted this scheme in many ways* He took an important share in the 
elaboration of the many details of the work itself, and in the correlated 
meridian observations necessary to give the photographs their greatest 
value. He clearly recognised that the * International Photographic 
Catalogue * was a topographical survey which needed to be strongly con- 
nected with the principal triangulation furnished by meridian observations. 
In this and other particulars the conference held at Paris for the execution 
of the international chart and catalogue were largely guided by his views, 

Giirs great power of getting a comprehensive scheme carried through is 
nowhere better shown than in the geodetic survey of South Africa. But for 
his mtluon(3e it is probable that the different States of South Africa would 
have been content with small local surveys unconnected or at least very 
weakly connected with one another. Gill impressed on the Governments of 
the different States the value of an accurate survey based upon a principal 
triangolation of such high accuracy that it would be definitive for all future 
time. Very soon after his appointment at the Cape l>e outlined a scheme 
for a gridiron system of chains of principal triangulatiou extending over tlie 
Cape Colony, the Orange Free State, Natal, and the Transvaal, A com- 
mencement was made in 1883 by the decision of the Governments of Cape 
Colony and Natal to make a principal triangulatiou of these countries as 
a joint work. The observing in the field was placed under tlie direction of 
two officers of the Eoyal Engineers, Captain Morris (now Sir William 
Morris) and Lieutenant Laffan (now Colonel J^ffan) who entered heartily 
into Gill's plans, and amidst difficulties carried out a survey of the highest 
precision. The results of this work were publislied in vol. 1 of the 
* Geodetic Survey of South Africa ’ in 1896. 

Gill saw that these operations might be made the commencement of 
a still more comprehensive work of the gr^test geodetic importance. In 
his own words (‘ Geodetic Survey,’ p, 157) : 

Looking forward to the practical atxd possible progress of geodesy, tlie queetiou may 
l>e asked, Should not the progress made in geodetic survey in South Africa be regarded 
as the fix'st step in a chain of triangulation which, approximately traversing the SOth 
meridian of east hmgitude, shall extend continuously to the mouth of the Nile 1 The 
amplitude of such an arc is 65", and by triougulation through the Levant and the islands 
of Qreet^e, it may l>e connected with the Boumaniau and Russian arc, so as to form a 
chain 1^5"' amplitude extending fi*om Cape Agulhajs to the Nortli Oa|)e, 

This great project Gill kept oonatautly in mind and forwarded at 
opportunity. 

The next stage of the geodetic survey was in a different region. It 
became necessary to delimit part of the boundary between German 
British SouUi Africa, which liad been fixed by treaty in 1890, as 
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20th uuuidiaD, from the Oruige Eirer (latitude 28|°) to latitude 22*’. It 
WM arranged by Gill that the chain of trianglee, which paased qiainly 
through German territory in order to avoid the Kalihari desert, should start 
from Eietfontein, the northern limit of an excellent survey of South 
Beohuanaland by Mr. Bosnian, and that the latter should be connected at 
its eastern and western ends with the surveys of the Cape and KatM. This 
was completed in 1899. 

The interest of Mr. Cecil Rhodes was secured in die measurement of the 
great arc along the 30th meridian, and in 1897 the Administrator of Rhodesia 
sanctioned the commencement. It was carried forward by Mr. Alexander 
Simms in Southern Rhodesia as far as the Zambesi. The outbreak of the 
war compelled a suspension of the work daring 1902. In 1903 the work 
was continued by Dr. Rubin, under Gill’s direction, and was carried forward 
by 1906 to within 70 miles of Lake Taugaujrika, when it was suspended. 

Soon after the close of the South African War die geodetic survey of the 
Transvaal and Orange River Colony was proceeded with. On Gill’s advice 
Colonel Morris was put in charge of these operations, his own position being 
that of Soientihc Adviser to the Governments of the two Colonies, so that 
unity of purpose might be preserved in these surveys and that they should 
form part of a hannonious whole. These surveys were completed by the 
beginning of 1906 and the chain on the 30th meridian was continued north- 
wards as far as the Limpopo River. Thanks to Gill’s effhrts the survey party 
was kept together, and funds obtained, half from the British South Africa 
Company and half from scientiho societies in England, which enabled the 
connection to be made with the chain in Southern Rhodesia. Tlte great arc 
on the SOth meridian was thus carried from latitude 81° 36' to 9° 41'. As a 
result of these measurements, utilising 57 latitude stations, Dr. Bahn has 
shown that the terrestrial spheroid is somewhat greater than that of Clarke, 
in agreement with a determination by Hayford from the Geodetic Survey of 
North America. 

When Gill went to the Gape in 1878, the Observatory staff was small, and 
the only instrumentie were the transit oirole, a 7*inch equatorial, and a photo- 
heliograph. The grounds, buildings, and water supply were in a very unsatis- 
factory state, and after heavy rains the road to the Observatory was nearly 
impassa ble, so that computers who were not iu residence on the bill had to be 
canded there in carts. In consequence of Gill’s pertistent r^fneaentations these 
things were gradually remedied, and sufficient provision made for the suitable 
maintermnce of the grounds and bviildiogs. The swamp at the bottom of Uie 
hill was drained, tiees were planted, fences erected, buildings were repaired 
and extended, so that when Gill left, tiie Observatory and its surnmndings 
were not unworthy of a soieotifio iastitation of its great importanoe. 

To the instrumeDtal equipment were added the reversibto transit eirde, 
the 7-htoh hdiometer and an astrographic equatorial, and tire Viotocia 
(244iudi) pltotograpbia ra&a^^ The last of tiiese instnunents was a gmierous 
gift ftet Mu friudc MoClean, and was a tribute to Gill’s great aebievemmits 
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6w an astronomer. Coupled with the 24-iDch is an 184nch visaed tefraotor. 
Objective prisms and a powerful slit spectroscope were included in the gift 
Tliis munificent gift was intended to he in commemoration of Queen Vietoria'a 
Jubilee in 1897, and although the Observatory and telescope were not 
completed till a few years later, this date is inscribed on a tablet inserted in 
the front of the Observatory, which was unveiled by the Governor, Sir Walter 
Hely Hutchinson, in September, 1901. Valuable spectrosoopio work has been 
done with the instrument. Gill was particularly delighted by the deter- 
mination of the solar parallax from the changes in the apparent velocities of 
stars to or from the earth at different times of the year in consequence of the 
earth’s orbital motion obtained from observations with the instrument by 
Hr. Halm under the direction of Mr. Hough. 

The staff of the Observatory was increased in oorrespondenpe with the 
larger equipment, so that when Gill left the Cape the Obseiwatory was 
qualified to carry out work of the highest order in many different directions, 
and was one of the finest Observatories in the world, and of additional 
importance from its situation in the sonthern hemisphere. 

In 1905, the year before Gill left the Cape, the British Association visited 
South Africa. The invitation to the Capo was largely the result of Gill’s 
efforts, and his unremitting labour as General Secretary contributed greatly 
to its success. He was delighted to welcome so many of his friends to South 
Africa, among others Sir George Darwin, .Admiral Wharton, Dr. Backlund, 
Prof. Kapteyn and several younger astronomers from England and the 
Continent. The meeting in South Africa was signalised by Kapteyn’s 
announcement of his discovery of star-streams. 

Acting on bis doctor’s advice that a more bracing climate would be benefi- 
cial to Bim, Gill intimated to the Admiralty his desire to retire in February, 
1907, after 28 years of service, and was granted leave of absence from October, 
1906. He settled in London and was soon busily engaged in its scientific 
a6tivities. He was President of the British Association at the Leioester 
meeting in 1907. He served on the Counon of theBoyal Society 1908-9, and 
again 1910-11 ; on that of the Boyal Astronomioal Society 1907-1913, being 
Pi'esidont 191 0-12 and succeeding Huggins as Foreign Seoretary in 1912 ; and 
on the Council of the Royal Geographical Sooiety,1908-10 and 1911-12, He 
also served on the Council of the British Science QuBd, and succeeded Lord 
Cromer as President of the Research Defence Society. After he had settled 
in London a large part of his time was devoted to a History of the Gape 
Observatory with a full and technical description of the new instruments. 
This admirable work was happily completed and published a few months 
before his death. Gill thoroughly enjoyed the opportunities of seeing his 
many friends which his residence in London afforded him. He was constantly, 
consulted by astronomers, particularly as to the design of instrom^ts. His 
in terests embraced not only the practical branches of Astronomy and Geodesy 
with which his own work hid been more particularly concerned. He followed ^ 
wit^ interest the current researches of astronomers in lunar iheoi^, solar and 
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stellar spectroscopy, and especially those bearing on the extent and movements 
of the sidereal systetn. Another subject in which he was keenly intensted 
was the manufacture of optical glass for large telescopes. 

jSTotfaing gave Gill greater pleasure than to invite bis astronomical firiends 
to his house, especially if an occasion was provided by the vudt of a 
distinguished foreign astronomer, and to have a talk about Astronomy. He 
found a similar pleasure in the Astronomical conferenoes he attended, 
particularly those at Paris in connection with the International Photographic 
Chart of the Heavens aud kindred subjects. These conferences ware a 
source of great delight to him, because of the opportunities they furnished 
of personal intercourse with his friends, of finding out what they were doing, 
and how their work progressed, and in return telling them what he had in 
hand. They benefited by his advice and the results of experiences, but still 
more by the enthusiasm he communicated to them. Gill’s influence is shown 
by the number of astronomers who worked in co-operation with him or were 
guided by him in their choice of work. Reference has already been made to 
Auwers, who undertook the discussion of the meridian observations in 
connection with the solar parallax, to Kapteyn’s co-operation in the Photo- 
graphic ‘ Durchmusterung,’ and the jMirts taken by Elkin, Cookson, and de 
Sitter in heliometer and photographic observations. To these may be added 
Jacoby’s work on the triangulation of the Victoria stars, and that of Innes 
on the revision of the Cape Photographic ‘Durchmusterung.’ McClean’s 
spectra of the bright Southern Stars were obtained by him with the astro- 
graphic equatorial while he was a guest at the Cape. The valuable photo- 
graphic survey of the sky made by Franklin -Adams was largely due to Gill’s 
encouragement. 

In the introduction to his ' History of the Cape Observatory,’ Gill tells of 
the delight with which he read Struve’s ‘History of the Pulkova 
Observatory ’ : ^ , 

There k inspiration to be found in nearly every page of it, for its author had the true 
genius and spirit of the practical astronomer — the love of refined and precise methods of 
observation and the inventive and engineering cajmcity. 

These words are as applicable to Gill as to Struve. He loved to make an 
instrument capable of the most refined measurements, and the pleasure of 
making observations as accurately os possible counterbalanced the tedium of 
making similar observations night after night. His force of oboracter enabled 
him to triumph over difficulties and carry out great projects. His enthusiasm 
and tenacity of putpose communicated themselves to his colleagues and 
assiiltants, and his kindness of iieart made them devoted to him. 

Gill received many honours in recognition of his splendid servioes to 
Astronomy. He was created Companion of the Bath in 1896, and Kni|^t 
Commmier in 1900. He was created Commander of the Legion of Honour 
(Fka^noe) in 1908, and Knight of the Prussian Order “Pour le Mdrite” in 
1910. He was an Hon. LL.D, of Aberdeen and Edinburgh, and Hon. D.$o. 
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of Oxford* Cambridge, Dublin, and the Cape of Good Hope* He was elected 
a Corresponding Member of nearly all the Scientific Academies of Europe and 
America. The Gold Medal of the Eoyal Astronomical Society was awarded 
to him in 1882, and again in 1908 ; a Eoyal Medal of the Eoyal Society in 
1903 ; the Valz Medal of the Institute of France in 1882 ; the Bnioe Medal 
of the Astronomical Society of the Pacific in 1900, and the Watson Medal 
of the Kational Academy of the United States in 1900. 

Since his return to London Gill’s health had been excellent, and he 
thoroughly enjoyed an occasional day’s golf or shooting. Iti December, 1913, 
he was suddenly seized with pneumonia, and j)a8sed away on January 24, 
1914, after an illness of six weeks. 

F. W. D. 


G. W. HILL, 1838-1914. 

Gkokob WiLLliiM Hill was the son of John William Hill and Catherine 
Smith, and was bom in New York City on March 3, 1838. Both his father 
and grandfather were artists, and he himself was of English and Huguenot 
descent. His early education, like that of most of the men of his time in 
America, gave him few advantages. In 1846, when his father moved from 
New York to the farm at West Nyack, the country was too busy with 
material development to produce many teachers who could give any but the 
most elementary instruction, and the country school which he attended 
must have been inferior in this resi^ect to those of tlie larger cities. Even 
at Eutger’s College in New Jersey, to which Hill was sent owing to the 
exhibition of unusual capacity and from which he took bis degree in 1859, 
the course probably went but little beyond that now found ,in secondaiy 
schools. There, however, he came under the influence of a man whose ideas 
on education were unusual. Dr. Strong, according to Hill’s evidence, 
believed only in the classic treatises ; but little published after 1840 was 
admitted to his library. Hill’s sound knowledge of the fundamentals of bis 
subject is doubtless due to this course of reading. 

Hill’s first paper, published in 1859 when he was but 21 years of age 
and before he had taken his degree at college, is a half-page note on the 
curve of a drawbridge. Two years later he showed his capacity in the essay 
which gained a prize offered by Eunkle’s * Mathematical Monthly ’ for the 
best solution of a problem connected with the constitution of the Earth* 
President E. S. Woodward, who has himself worked much at this aubject, 
says that the memoir is still worthy of careful reading. 
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In the year 1861 he joined the staff of the ‘Nautical Almanac ' office, 
which then had its headquarters in Cambridge, Mass., and for a year or two 
he worked thei'e and thus had an opportunity for association with some of 
the ablest men of the time in astronomical science. But he soon obtained 
permission to do his work at the home in West Nyack which he never 
seemed to leave willingly during the rest of his life. It was there that 
nearly all his best work was done. In fact, lie was only away from it for 
one considerable period, and this is covered by his residence in Washington 
from about the year 1882 until 1892; even during that time the summers 
were generally s]‘)ent in West Nyack. 

, In the first ten years after leaving college, Hill only published eight 
papers, and none of them <leal with celestial mechanics in the modern sense 
of the term. But from Ws output after that time it is evident that he had 
been reading and digesting the newer treatises and memoirs as they 
appeared. Delaunay*s two magnificent volumes on the lunar theory were 
published in I860 and 1869 respectively, and the methods of that investi- 
gator exercised a fascina.ti<m over Hill for the rest of* his life. The other 
great lunar theorist of the period, P. A. Hansen, had been explaining his 
methods for many years l)efore this time, and Hill was probably one of the 
few men of his time who understood them thoroughly. He does not seem 
to have been particularly drawn to them, although they are used in his 
theories of Jupiter and Saturn with but little alteration. It is difficult to 
find many traces of other influences in his Work. His most celebrated 
memoir, it is true, is based on one of Euler^s numerous methods, as he 
himself tells, but after the start he proceeds entirely on lines of his own 
devising. 

The publications which follow his first attempts during this early period 
exhibit knowledge of theoretical astronomy and the power to handle large 
mosses of numbers rather than any unusual mathematical ability. In his 
discussion of the observations of the great Comet of 1868, which was under* 
taken to obtain a satisfactory orbit (1867), he has to deal with 368 places 
gathered froift many sources. As usual with Hill, he does not confine 
liimself fio the main point but discusses systematic errors between different 
observatories and tliose due to the size of telescope used. His final conclu- 
sion is that tliere is no evidence of any force other than gravitation 
influencing the motion of the comet. 

It is probable that his work on this body was responsible for the next 
three papers: on the reduction of star places, the determination of the 
elements of a circular orbit, and the conversion of latitudes and longitudes 
into right ascensions and declinations, or, at any rate, that it drew his 
attention to these fundamental problems. But he was soon to lay them 
in the background for more original investigations in celestial lueohauics 
proper. One can see in his published work the gradual approach to this 
suhj^t. His tenth memoir is a correction to the elements of the orbit of 
Venus from observations extending over 33 years. It is followed by a 
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derivation of the mass of Jupiter from the perturbations of eerfcain osteroidB, 
and the calculation of an inequality of very long period in the lAotion of 
Satiorn. Shortly before, however, he had been assisting in the campaign 
whicli had started some years earlier to get the utmost out of the transits 
of Venus in 1874 and 1882. Part II of the Papers of the United States 
Commission relating to the transits is hy his’ hand : it consists of charts and 
tables for facilitating predictions of the several phases at any place on the 
globe. 

The active i>eriod of Hill's work in celestial mechanics began in 1872. 
Between that year and 1877, when his two chief memoirs appeared, he 
published eleven papers on various phases of the subject, besides seven others 
in pure and applied mathematics and the long transit of Venus calculations 
already mentioned. Moat of them are quite brief and call for no special 
mention. 

In order that the value of Hill’s ooutributions to celestial mechanics and 
more pa^^ticularly to the lunar theory may be made clear, it is necessary to 
say a few words as to the condition of the subject at the time they were 
publisiied. For 200 years mathejuatical astronomers, many of them of the 
first rank, had been devoting their energies to furnishing a complete demon- 
f^jration of the power of the law of gravitation to account for the motions 
of all the bodies in the solar system within the degree of accuracy of the 
observationa In the third quarter of the nineteenth century it was evident 
that this demonstration would soon be made. Leverrier was publishing his 
tables for the positions of the great planets, while Hansen and Delaunay had 
completed their work on the Moon. For the purposes of navigation all 
needed accuracy had been obtained, and from the scientific side there seemed 
to be but few matters which needed explanation ; the final i)olish which a 
few industrious workers might give was the last step. There was thus 
danger that the subject of celestial mechanics might encounter a blank 
prospect The number of investigators began to dwindle. At the same 
time, pure mathematics and physics were showing vast territories to be 
explored, while the discovery of spectrum analysis and tbe use of the 
photographic plate attracted many astronomers who earlier would have 
devoted themselves to the mathematical side of the subject. From the old 
point of view this attitude on the part of astronomers was justifiable. 

But Hill saw that there were problems other than the mere verification 
of the law of gravitation by comparisons of theory and observation of the 
chief bodies in the solar system, which would demand solution. He also saw, 
partly from the industrious work of Newcomb on the old and modem obser- 
vationa of the Moon, that even the enormous labours of Hansen and Delaunay 
on the theory of its motion would demand extension and verifi^cation if a test 
of the Newtonian law to the degree of accuracy of the observations were 
required. For the former object, a new set of problems must be formulated 
and a start made towards their solution ; for the latter, a new method of 
procedure was practically necessaty, for it was almost certain that no one 
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would repeat the calculations, which appeared to have been puahed as far as 
was hutnanly possible with the adopted methods. These two sides of Hill's 
work are quite distinct, even thoxigh they both start from the same memoir. 

The older lunar theorists had taken the ellipse as a first approximation, 
that is, at the start the action of the sun was neglected. Hill proposed a 
first approximation in which a portion of the sun's action should be taken 
into account. If an examination of Delaunay’s final expressions for the 
longitude, latitude, and parallax be made, it is seen that the infinite series 
proceed along powers of five parameters, and that the rate of convergence 
along powers of one of these, the ratio of the mean motions of the Sun and 
Moon, is far more slow than along powers of the others, owing to the pi'eseuoe 
of large numerical factors. Hill conceived the idea of neglecting all these 
other parameters and then finding the series in powers of this ratio alone, 
with all needed accuracy. He set up the equations of motion, solved them, 
and gave formuhc of recurrence which enabled him to avoid the slow approxi- 
mation methods which generally advanced the degree of accuracy by only one 
or two powers of the ratio at each step ; in his method it advances by four 
powers this mtio. The expressions are worked out both literally and 
numerically, the latter being taken to fifteen significant figures, a number 
not very much in excess of what is actually required. 

As obtained, the co-ordinates are referred to axes whicli move with the 
mean velocity of the Sun round the Earth, and in this form tlia expressions 
involve the time through its presence in multiples of a single angle. In the 
transformations which are necessary to convert rectangular co-ordinates to 
polai’s, Hill makes full use of the method of ‘‘ special values " or, as it is now 
called, of harmonic analysis and synthesis. He was always very fond of this 
kind of transformation, using it much in later years and even attempting to, 
systematise its use when many hundreds of terms were present. 

It would bo unjust in this connection not to mention the indebtedness of 
Hill to Leonard Euler, probably the greatest of lunar theorists since Newton. 
Euler, as Hill remarks, had had the idea of starting the theory in the same 
way with moving rectangular axes, and with the same first approximation, 
and had carried it out to a considerable extent in his theory published in 
1772 and in a later memoir. 

The further steps outlined by Euler, and quoted by Hill, consist of the 
determination, step by step, of the terms arranged in powers of the para- 
meters which had been neglected. Each step is to consist of the complete 
calculation with all needed accuracy of the function of the time and the ratio 
of the mean motions which multiplies each combination of powers of the 
remaining parameters. There are several ditticulti^sin following this process. 
The chief one, which Hill solved in the memoir on the perigee of the MooHi 
is the determination of the first new angle containing the time which arises 
in the second approximation. In later approximations this angle also involves 
tine parameters, and other methods are needed to find the new portions 
depending on them. Euler possibly foresaw this; Hill certainly did, hut he 

/2 
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never carried his work to the degi‘ee of approximation which would need 
them. The method has been used by the writer for the conatruction of a 
complete theory of the Moon's motion. 

The expressions for the co-ordinates, referred to the moving rectangular 
axes, have another property: they form Fourier series and are therefore 
periodic. The resulting orbit in this moving plane is consequently closed. 
Eecognising this fact, Hill draws the curve. But he saw that the orbit was 
of interest apart from its application to the lunar problem, for he immediately 
proceeds to trace, with some care, orbits for values of the ratio of the mean 
motions other than that which holds for the actual Moon and Sun. He thus 
obtains a family of such orbits. It is Hill's idea of the periodic orbit which, 
developed chiefly by Poincar4 and G. H. Darwin, has given new life to the 
whole subject of celestial mechanics and has induced many mathematicians 
to investigate on these Hues. The treatise of the former, ' I^s Nouvelles 
M^thodes de la Mdoanique Celeste,' is based mainly on the idea. Darwin 
actually traced many such orbits under varying conditions. 

There is still another portion of this memoir which has been largely used 
as a foundation for investigations into the stability of celestial systems. If 
the eccentricity of the Earth's orbit round the Sun be neglected, it is possible 
to write the relative energy equation in a finite form. Eeferred to the same 
moving axes, the square of the velocity can, in fact, be expressed as a finite 
algebraic function of the co-ordinates. Since the square of the velocity can 
never be negative, this fuhctioti, equated to zero, gives the equation to a 
surface which the Moon cannot cross. As the surface consists of various 
ovals and folds, we can obtain certain limitations on the path of the Moon* 
and therefore carry forward the question of the stability of its motion one 
important st/ep. Hill draws the surfaces for a limited case. Darwin made 
extensive use of a similar diagram for a more extended case, and many others 
have followed on the same lines. 

Thus this memoir, of but 50 quarto pages, has become fundamental for the 
development of celestial mechanics in three different directions, Poincare'S 
remark that in it we may perceive the germ of all the progress which has 
hem made in celestial mechanics since its publication is doubtless fully 
justified. It has sometimes been said that Hill did not appreciate at the 
time the imi^irtance of his work. Hill was far too modest about his own 
achieven»ents to lay any such stress on his productions as has the scientific 
world. But it does not require an extended study of his memoirs to see that 
his vision often went beyond the particular matter in hand. 

The second memoir of 1877, ' On the Part of the Motion of the Lunar 
Perigee which is a Function of the Mean Motions of the Sun and Moon,* 
has already been referred to. It is essentially a continuation of ihat 
part of the researches which deals directly with the lunar problem, 
although published a few months earlier. While not so far-reaching from 
the point of view of future developments, it is even more remarkable as art 
exhibition of Hill's powers of analysis. In it, the determinant with an 
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infinite number of blemente is raised from a nebulous possibility to an 
instrument of computation. Hill's periodic orbit contained only two of the 
four arbitrary constants which the complete solution of his differential 
equations requires. He, therefore, proceeds to find an orbit — no longer 
periodic — differing slightly from the periodic orbit but still satisfying the 
differential equations to the first power of the small variation. The equations 
obtained are two of the second order and linear with respect to the two 
unknown dependent variables. An able analysis with the use of known 
integrals enables him to reduce the solution to that of one of the second 
order in the normal form — 

*+V,, = 0. 

where V is a known Fourier series depending on the time. Knowing the 
form of the solution — 

cos {c — ^i) + 2 i (« — »') {t — t ^) } 

from previous work in the lunar theory and Vvhich he justifies by general con- 
siderations, Hill substitutes and obtains an infinite series of linear equations 
for the determination of the unknowns a,-. But c is also unknown and it does 
not enter in a linear form. The ai are eliminated by means of a determinant 
with an infinite number of rows and columns e<iuated to zero ; this is there- 
fore a determinantal equation to find c, the main object of the investigation. 

Then follows a remarkable series of operations. The determinant is reduced 
to a convergent form (though it was left to Poincar^ to furnish the proof of 
convergence) by dividing each row by a suitable factor which reduced every 
element of the principal diagonal to unity. Next, the unknown, c, must be 
isolated ; Hill achieves this by recognising that if e he a root so must c+2i 
be also a root and that, thei'efore, all tlxe roots can be expressed by a cosine 
function. On the assumption that there are no other roots, he equates the 
determinant to the cosine function, obtaining the constant by comparing the 
highest (infinite I) power of c on each side of the equation. A particular value 
of c (not a root) can be inserted in the identity thus obtained. In this way, 
•Hill reduced the work to a computation of an infinite determinant every 
element of which is known. He gives a general method for this expansion 
which enables him to tell at once the order of the terms neglected when the 
series is cut off at any place. Each term of this series, however, consists of 
singly* doubly, infinite series which must be summed. The labour at 
this stage was very great and it caused a corresponding liability to error. 
Hill carried it through with complete success in its general form, afterwards 
Bubetituting numbers and determining c to 16 significant figures. The 
principal port of the motion of the Moon's perigee is immediately deducibie 
from c. President Woodward relate that the determinant was solved during 
on^ of two trips which Hill made to the north-west region of Canada ; I 
hcwever, that this statement refers to the method to be adapted 
rather than to the actual computation. 
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The sto^ of these two memoirs is incomplete without a notice of the work 
of J. C, Adams on somewhat similar lines. Almost immediately after their 
publication, a brief paper by him appeared in the * Monthly Notices * of the 
Eoyal Astronomical Society. He hod also taken up Euler's idea and had 
obtained the variation orbit as a first approximation. But he turned to the 
motion of the node instead of to that of the perigee. The investigation here 
follows linos very similar to those of Hill, the solution of the infinite deter- 
minant being closely analogous. 

It is convenient at this stage to take up Hill’s work rather by subject than 
in chronological order. The periodic orbit used with such excellent results 
in the lunar theory is tried later (1887) on the motion of the satellite 
Hyperion as disturbed by Titan and the results applied in a following paper 
to obtain the mass of the latter, These were written before the publication 
of PoincartVs researches. Only on one occasion did he make it the subject 
of a theoretical research, and it was then probably stimulated by reading 
Poincar<5’s ‘ M^canique Celeste.' As the title, ‘ Illustmtions of Periodic Solu- 
tions in the Problem of Three Bodies,' indicates, it consists of applications to 
certain bodies in the solar system. 

From time to time a paper was published advancing the applications to the 
lunar theory. In one, the periodic orbit is extended so as to include the 
terms which depend on the ratio of the parallaxes of the Sun and Moon as 
well as on the ratio of the mean motions. In another the terms depeiident 
on the latter ratio and on the first power of the solar eccentricity are 
computed. In still another paper he calculates the expression for the 
principal part of the motion of the moon's perigee as far as literally in 
order to settle the correctness of Delaunay’s value, which had been questioned 
as to certain of the earlier powers of m by Andoyer. Beyond these, he seems 
to have made no effort to continue the work in this direction. Possibly this 
was due to the heavy labour on the theories of Jupiter and Saturn which 
engaged him at least until 1892. In fact, os early as 1888 he stated in a 
letter to Sir George Darwin that he scarcely expected to proceed with the 
subject. 

Hia fondness for Delaunay's methods has already been mentioned. One- 
of his most valuable memoirs is an application of them to the calculation of 
the smaller perturbations of the Moon's motion which arise from the action 
of the planets and the figure of the Earth. Hill, using Delaunay's methods 
and results, showed, in a short paper on the Jovian eveotion, that the whole 
action of the Earth and Sun on the Moon could be treated as known from tfie 
start, and that therefore only one approximation was needed in order to get 
the effect of any disturbance whose square oould be neglected. All latter 
investigators have used this method. The formuloj of Delaunay are literal, 
while Hill's final equations for the calculation of the effect of any smaU 
disturbing force have the great advantage of well-determined numerical 
ooefiScients to be multiplied by the constants which depend solely on tbe 
nature of the given force. 
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In an earlier paper he had also shown how the distuAing function for 
direct planetary action can be expressed as a series of products, one factor 
in each product containing the co-ordinates of the Earth and Moon only, 
while the other contained those of the Earth and planet only. The former 
could, therefore, be computed once for all ; it was the latter which required 
separate computations for each planet. This paper has also formed the basis 
for ^ all the complete calculations of the planetary disturbing forces which 
have been made since its publication in 1883. 

But Hiirs most extensive application of Delaunay's theory is made in its 
original form to the calculation of the inequalities produced by the figure of 
the Earth. While he carrio<l these to the degree of accuracy needed for 
observation, the method appears to be somewhat long and complicated. It 
has to be applied in a literal form, and this requires expansions which con- 
verge very slowly. As a matter of fact, a few days' work with the methods 
which he adopted for the planetary terms will furnish the inequalities with 
all needed accuracy. In the first part of this paper Hill, not content with the 
values for the flattening of the Earth which were then in use, deduced one 
directly from a large number of pendulum obseiwations all over the Earth, 
The result, 1 / 288, is considerably larger than most of the other determinations, 
and notably so than that of Helmert, 1/298, deduced from the same class of 
observations. The memoir occupies over 140 pages, and must have demanded 
an enonnous amount of careful and accurate algebraic computation. To 
complete the account of his work on the lunar theory, mention must be made 
of his calculation, by de Pontdcoulant's method, of the principal inequalities 
produced by the motion of the ecliptic, Hansen was the only writer who 
had found the term in longitude as well as in latitude, and nearly all his 
calculations of the small |)erturbations are doubtful. Hill, of course, obtained 
correct results as far as he went in the matter. 

Hewoomb, who had taken charge of the American Ephemetis in 1877, soon 
induced Hill to undertake the theories of Jupiter and Saturn, and so give 
material assistance in his plan of forming new tables of the planets. The 
method adopted is that of Hansen with only a slight modification, wliich 
consisted in expressing the oompiitatious directly in terms of the time instead 
of using two auxiliary angles. That lie used an old method in preference to 
devising a new one is perliaps unfortunate, even though the result leaves 
little to be desired. Had he taken more time over the preliminary stages 
we should probably have had something new and original, for Hill was then 
at the height of his powers as a mathematician. But he was doubtless under 
some pressure from Newcomb, who wished to complete his great plan during 
his tenancy of the office of director, and Hill himself may have desired to 
finish the calculations as soon as possible in order that he might return to 
Wept Nyack. However this may be, he completed the task successfully, as may 
fee from the small residuals which he obtains after a comparmon with 

efes^atibtts extemiing over 150 years. The Tables which be formed from the 
theories of the two planets are now used in most of the national ephemerides- 
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In 1882, Hill published a memoir of some length on Gauss's method for 
computing the secular perturbations of the planets. Gauss bad outlined only 
the general idea. Hill takes it up and develops in detail the formulae to be 
used. In the course of the work he finds that a considerable portion of the 
calculation depends on three elliptic integrals which may be needed for values 
of the argument up to 50° Consequently, a large part of the paper consists 
of the tabulation of these to eight places of decimals at intervals of a t^ith 
of a degree ; the first and second dilBFerences are also printed so that the 
Tables are in form ready for interpolation. As an example, he computed the 
secular perturbations of Mercury by Venus with great accuracy. Two further 
papers on the same subject appeared in 1901. 

In these years Hill published a number of short papers in the ' Analyst/ a 
journal no longer in existence. Sometimes they are merely solutions of well- 
known problems, at other times simplifications of proofs of theorems which 
had evidently presented difficulties to him and which he felt needed elucida- 
tion or elaboration — two favourite words with him. But Hill was not a great 
expositor: even for those familiar with the subject his work is often difficult 
and sometimes obscure. Newcomb used to say that if Hill had only the 
faculty of explaining his own ideas he might luxve avoided many an error 
and saved much time. Hill's ability to assimilate and extend the w^ork of 
his predecessors, at any rate in his earlier days, doubtless prevented him from 
appreciating tire difficulties of others. When the reader is used to Hill's 
style of composition and his general plans in writing out what he had to 
say, his arguments are much more easily grasped, but he is rarely anything 
else than concise. 

In his last years Hill still continued to publish, in spite of failing health. 
He covered a variety of topics, several of them quite away from the region 
of celestial mechanics. One of the most extensive of his papers is a 
memoir on dynamic geodesy, the last in the fourth volume of his collected 
works and not previously published elsewhere. Some later papers on a 
variety of subjects will appear in a fifth volume, to be published, like the 
previous four volumes, by the Carnegie Institution of Washington. 

If an attempt is made to regard HilTs work as a whole and to try to find 
out Ws point of view, one thing stands out clearly : a desire to obtain exact 
knowledge about natural phenomena, in however limited a field, whieb could 
be expressed in a numerical form. He never seemed to hesitate about 
making long calculation^, and apparently bad a positive liking for obtaining 
his results to many places of decimals. But, unlike the tendencies of tijioso 
who engage much in computation, his mind did not seem to get cramped by 
figxires. Not only could he see both trees and wood, to adopt a familiar 
simile, but could trace paths in the wood and keep his eyes open for roads 
which led in directions other than that he was exploring, He had remark- 
able ability for algebraic manipulation, which reached its highest manifestation 
in the memoir on the perigee of the moon. The more modern aides 
mathematics appealed to him bi\t little ; if a formula or a series could be 
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reduced to numbers, such questions as convergence did not trouble him much/ 
a point of view which has later been fully justified by Poinoar4. He seemed 
to take but little colour from the work of others. Even when, as in many 
cases, he starts with the results of some previous investigator, his writing 
shows but little influence of the source of his ideas ; it is individual and 
carries the reflection and methods of his own mind. 

Hill never mamed. He lived much alone, but while resident in Washington 
would take long walks on Sunday, often with one or two oompanioiis. He 
was fond of botany without being a collector of s{:>ecinieas and found his 
chief outdoor recreation in the study of nature. He made two long canoe 
trips in the north-west of Canada. A carefully written diary, illustrated 
with photographs of the second expedition, which took him by rivers and 
lakes from Lake Superior to Hudson's Bay, is amongst the books which he 
left in his will to Columbia University, 

He was President of the American Mathematical Society from 1894 to 1896 
and served as lecturer on celestial mechanics in Columbia University from 
1898 to 1901. The manuscript of his lectures sliows that they must have 
cost him much labour; it contains long algebraic developments and is 
apparently intended to be a more or less complete account of the methods 
by which the motions of the Moon and planets are calculated. His numerous 
honours include foreign membership in tlie Eoyal Society, the Paris 
Academy, and the Belgian Academy. He received the Schubert Prize 
(Petrograd), the Damoiseau Prize (Paris), and the Gold Medal of the Eoyal 
Astronomical Society. He was elected to foreign membership in our Society 
iu 1902, and received the Copley Medal in 1909. 

His chief characteristic was a single-minded devotion to the subject which 
he had made his own. A highly sensitive conscience was always apparent 
in his dealings with the world : he refused to accept the salary of his 
lecturesliip at Columbia one year because no students then appeared to 
attend the course, and this in spite of the fact that the endowment allowed 
him absolute freedom to lecture or not as he chose. In later years he 
rarely left West Nyack, owing to ill-health. He died on April 16, 1914, from 
heart failure, and was buried near the graves of his ancestors not far from 
his home. 


E. W. H. 
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SIK GEOEGE NARES, K.aB., F.RS., 1831—1916. 

In the death of Admiral Sir George Nates our Society has to regret the loss 
of a very meritorious soieutific officer who had been a Fellow for nearly 
40 years. 

George Strong Hares came of a literary family, among its memhers being 
Archdeacon Nares, the author of the best life of Lord Burleigh. Bom in 
1831, young Nares entered the Navy in 1845, and served first on board the 
** Canopus,” when he saw some feats of seamanship in the Tagus, in the 
exchange of main yards with the Asia ” flagship, bound for the Pacific. His 
next service was on board the ** Havannah in the Pacific, when his scientific 
training was commenced. Nares was appointed to the Resolute,*' under 
Captain Kellett, in the Arctic Expedition of 1852 to 1864. He commanded 
the auxiliary sledge to Lieutenant Mecham, who, next to MoClintock, was the 
greatest of Arctic sledge travellers. Nares performed this service admirably, 
going as far as Eglinton Island, where he made a collection of fossil wood, a 
most interesting geological discovery. On his return from Arctic service he 
was promoted to the rank of Lieutenant. 

For the next ten years Nares was most usefully employed in surveying and 
in the work of instruction. In the “ Illustrious he was in charge of the 
training of cadets, again in the Britannia/* and he bad the Boscawen ** 
training ship. He wrote by far the best book on seamanship since the days of 
Darcy Lever, which went through several editions, and was translated into 
French and Italian. As a surveyor, in command of the Salamander” and 
Shearwater,” he surveyed Toires Strait, part of the coast of Australia, and 
the Gulf of Suez with reference to the construction of the canal. But his best 
known and most important surveying work was on board the '' Challenger ” 
in the expedition which was dtie to the representations of the Royal Society. 
His lalx)urs extended over the Atlantic, Indian Ocean, and as far as the 
Antarctic regions, where he discovered what appeared to be an opening 
winch still remains to be explored. Nares was recalled trom the Challenger ” 
to take command of a scientific Arctiq Exjmdition, due to the strong repre- 
Hcntations of the Royal and Royal Geographical Societies. The Societies 
desired discovery and scientific research, the Admiralty an attempt to go as 
near the Pole as possible. The Smith Sound route was selected as the beat 
for discovery and scientific research, and Nares showed consummate tieaman" 
ship iu forcing the Alert ** through the ice to 82® 27' N. The results of the 
expedition were most valuable. Commander (now Admiral Sir Albert) 
Markham, in his memorable sledge journey, reached a latitude of 83® ^0' 80" N. 
The northern coasts of Grant Land and Greenland were discovered for a 
distance of 800 miles. A fossil flora of extraordinary interest was one great 
geological result, and the geology and biology of the i^egion were carefully 



Uii 


Sir George Nares, 

examined through the ability and inexhaustible eiiergy of Colonel Feilden, the 
naturalist of the expedition. Captain Nares himself conducted the astronomical, 
meteorological, magnetic, and tidal observations. Tlie tides then observed 
proved the insularity of Greenland. 

An outbreak of scurvy made it necessary for tlje expedition to return after 
the first winter ; but it had done excellent work and more than justified the 
exertions of the Eoyal Society in procuring its despatch. Captain Nares was 
created K.C.B. for tliis great service. 

Sir (Jeorge Nares again commissioned the Alert “ in July, 1878, and was 
engaged in revising and extending the survey of Magellan’s Strait until 
March, 1879. He reburricd, to take up the responsible post of Professional 
Officer in the Harbour Department of the Board of Trade, which he held for 
17 years. He was then for four years Conservator of the Mersey. Indeed 
Sir George Nares was in harness, in the service of his country, for a good deal 
over 60 years. 

The^^enunieration of the work he did is sufficient to establish the position 
of Sir George Nares as a distinguished scientific officer. He was a most 
amiable, kind-hearted man. Those who Avere under his instruction always 
speak of him in terms of afiectiouate regard, and he was beloved by the 
officers of the Arctic Expedition. 

Admiral Sir George Nares died, in his 84th year, on January 15, 1915, and 
the funeral lock place at Long Ditton. The body of their beloved chief was 
followed to the grave by six of his old Arctic officers. 

C. 11 M. 
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SIR JOHN MURRAY, K.C.B.,. 1841-1914.* 

Sir John Murray was born on March 3, 1841, at Coburg, Ontario. He 
came of one of those Scottish families that have done so much for Canada, 
and, indeed, throughout his life no one would have mistaken him for 
anything but a Scot. His father, Robert Murray, an accountant, had left 
Scotland seven years before and settled in Upper Canada, where during the 
troublous times of the Mackenzie Rebellion he took an active part in 
Canadian politics. John was fur a time at the Public School of London, 
Ontario, and later at Victoria College, Coburg. When he was seventeen years 
old he left Canada and, as he has himself reminded us, he then for the first 
time saw the sea whose problems he was destined to make his own. When 
he left that early home, he Ktya, “ to find another amongst my relatives in 
Scotland, I had not yet seen the ocean. The voyage across the Atlantic 
made a great impression on me, so different was the salt, rolling ^ from 
the great fresh- water lakes with winch I bad up to tlmt time been familiar, 
and I was fascinated by the operations of the officers on the bridge when 
taking the altitude of the sun at cacIi mid-day/* On witnessing the rise 
and fall of the tide ibr the first time on the West Coast of Scotland, the 
impression was still more profound. 

John Murray found a new home amongst his Scottish relatives, one of 
whom was John Maofarlano, his maternal grandfather at Coneyhill, 
Stirlingshire. He helped his grandfather in purchasing and collecting 
specimens for a museum, the remnants of whicli are still exhibited in the| 
Macfarlane Institute at Bridge of Allan, many of the labels being in 
Murray*s handwriting. Whilst living with his Scottish relatives he attended 
the High School, Stirling, and hero he showed great interest in science. He 
used to pay especial attention to the teaching of Mr. Duucuu Maedougoll, 
from whom ho learnt the principles of the sextant and how to construct an 
electric lamp and a battery of 80 Bunsen cells. 

Murray remained for a long time at School and College. In fact, as he 
himself records, he came to be known as a '' chronic student ** at the 
University of Edinburgh. One thing he would not do, he would not go in- 
fer examinations. He learnt what he wanted to learn, and the mere learning 
was to him its own reward. 

At the University, although in the main he followed the Science course, 
ho was not infrequently to be seen in* the lecture rooms of the literary 
professors and from time to time in those of the theological professors. 
Amongst his student friends more than one have made a mark on the 
theological thought of the last half of the nineteenth century. Occasionally 

* In writing this short memoir of my friend I have been greatly helped by 
Mr. Laurence Pullar, of Bridge of Allan and Bridge of Earn, by Dr. Hugh Robert 
Mill, by Dr. J, Sutherland Black and by Mr, Jamee Chumley, who for many yearn 
was Sir John Murray’s chief aaeisfcant. 
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be even listened to Law. His Zoology and Anatomy he studied under 
Goodsir and Turner, the present Principal, whilst he worked at Chemistry 
with Playfair and Crum Brown, and at Natural History with Allman. ^But 
undoubtedly the teticher who made most mark upon his mind was Prof. Tait, 
in . whose laboratory he worked for several terms under William Thomson 
(afterwards Lord Kelvin), Clerk Maxwell, and with his life-long friend, 
Eobertson Smith, who at that time was Demonstrator to Tait and was 
writing laoro thnu one mathematical paper of note. Later Eobertson Smith 
became a tlisfcinguished Semitic scholar, one of the editors of the 9th edition 
of the ' Eucyclopttidia Britaunica,* and after a theological controversy with 
the Free Church of Scotland a Professor of Arabic in the University of 
Cambridge, and, finally, University Librarian. 

Tait was then, perhaps, at the height of his reputation and many students 
of various sorts were attracted to bis laboratory; Sir John Jackson and* 
Ml'. Meik, tlie celebrated engineers, were amongst the young physicists, and 
curiou^jJy enough Kobert Louis Stevenson was another. The last named, 
however, had no interest in science iind used to beguile his demonstrator, 
Eobertson Smitlii, into theological disputes, so dear to all true Soots. 

Murray was always a great individualist, and he worked at what interested 
him with no eye to examinations or degrees, and although in later life he 
must have been surfeited with honoi-ary degrees, as a studoi.it he passed by the 
examinations and the conse(iuent degrees and never graduated. 

In the year 1868, in a spirit of adventure and on the strength of having 
attended medical cl asses in Edinburgh, Murray accepted the post of surgeon 
^on the whaler “Jan Mayen.'' Ho left Peterhead in February, and was 
away seven months. He saw a good deal of the Arctic regions, explored 
part of Spitzbergen, and landed at least ojice on Jan Mayen. During his 
absence his grandfather died, and Murray arrived home two days after the 
funeral to find that — unlike Loudon Dodd — he had been cut out of his 
grandfather’s will with less than the proverbial shilling. It was the 
experience he gained on this Arctic voyage and during his subseciueut work 
on the West Coast of Scotland in the years 1869 and 1870 winch qualified 
him for his next post. 

* Murray's great chance in life came when the Government decided, on the 
recommendation of the Royal Society, to equip a surveying ship, the 
‘‘Challenger," for scientific research and to send her round the world. “The^ 
‘ Challenger' was a spar-decked corvette of 2306 tons, with auxiliary steam 
to 1234 horse-power," and was well adapted for the scientific purposes to 
which she was devoted for four years. The scientific staff was under the 
direction of Prof, (afterwards Sir) Wyville Thomson, of Edinburgh University, 
and at first John Murray was not included on it; but at the last moment, 
owing to the failui^e of one who had been chosen, on the earnest advice of 
Prof. Tait, John Murray was selected for the vacant post, Tait especially 
dwelt upon the fact of Murray's resoutx^fulness and readiness, and considered 
he would be a very useful man to have at hand in case of any dijffioulties 
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with natives or other possible sources of trouble. It was characteristic of 
Murray to embark on such an enterprise at a moment^s notice^ when there 
Waa almost no time to get together his scientific or personal ** kit” 

But the science of the depths of the sea and the science of oceanography 
were in these times inclioate. The first great expedition to investigate the 
physical, the chemical, the geological, and the biological conditions of the 
gre.at ocean basins was sent out in 1872 by the Govenuneut of this country, 
then under Mr, Gladstone, and in that year H,M.S. “ Cliallenger ” left 
England with a staff of scientific observers to traverse the salt waters of 
the globe. From that date until the present time no such complete and 
organised a staff of scientific observers, helped in every way by the naval 
officers (for it was an Admiralty Expedition), has left any country tov so 
prolonged and exhaustive an investigation into the economics of the ocean. 

' The Challenger ” Expedition set a standard — in fact it practically esttib- 
lished a new science, a science of which Sir John Murray was, in a way, 
the arch-priest. 4 

The “ Challenger ” Expedition had pvodecessors, though on a much smaller 
scale. Maury had done a great deal in the way of the study of the ocean, 
especially in so far as concerned its depth and the ocean currents. 
Dr. Wallich on H.M.S. Bulldog/' surveying the roxxte for the proposed 
Transatlantic cable, added much to our knowledge, and there were others. 
The immediate precursors of the exiK^dition of‘ the “Challenger” were 
a series of voyages made by the “Porcupine” and “Lightning” under the 
scientific guidance of Dr, W. B. Carpenter, Mr. Gwyn Jeffries, and Prof. 
Wyville Thomson. Dr, W. B. Carpenter took an immense interest in the^ 
question of deep-sea temperatures, and read a number of imi)ers to the 
Koyol Society dealing with all existing data accumulated down to 1870, and 
he was one of the leading spirits in stirring up that Society to urge the 
Admiralty to undertake the “ Challenger ” Expedition. At the Admiralty 
they were aided by the then hydrographer. Admiral G. H. Hiohords, who was 
extremely sympathetic with the work. 

As the introduction to the narrative of “The Cruise of the * Challenger'" 
recites : “ The vast oce^in lay scientifically unexplored. All die efforts of 
the previous decade had been diiccted to the strips of water round the coast, 
,and to enclosed or partially enclosed seas. Great things had certainly been 
done there, but certainly far greater things remained to be done beyond. 
This consideration led to the conception of the idea of a great exploring 
expedition which should circumnavigate the globe, and, if possible, find out 
the conditions of life at the surface of the sea, at the intermediate depths, 
and also at the profound abysses of the ocean. Sir John Murray's main 
interest in the expedition was at first physical and geological ratW than 
biological, though he sOon acquired a real knowledge of animals, at any rate 
in so far as they affected- the problems which appealed more nearly to him " 
He was an adopt at criticising machines and inatraments which plumb 
the secrets of the deep, and as soon as the results of his researches on the 



Sir John Murray, Ivii 

bottom of the deep sea had appeared he was recognised at once, and as long 
as he lived, as the authority on the deposits covering the floor of the ocean. 

Sir John was no specialist. He had ever the widest point of view of 
the chemistry, the physios, the geology, and the biology of the ocean, and 
to him these varying sciences always had their full value in the problem 
which he had made his own. He was constantly devising new sounding 
apparatus for bringing up samples of the sea lx)ttoin, thermometers for 
testing the bottom temperature, instruments for registering the pressure at 
great depths, and other implements which have made our knowledge of the 
depths of the sea accurate and even minute. 

The ship sailed from England, quite at tlie end of 1872, with tfohn Murray 
on board as Naturalist at a siilary of £200 per annum. From the time of its 
departure Murray gave especial attention to the various oozes and other 
deposits which compose the floor of the ocean, and at an early period he came 
to the conclusion that Bailey, Johannes Miiller, Count Pourtal^s, ^rohn, Max 
Schultze and Ernst Haeckel were right when they attributed certain of the 
minute shells at the bottom of the ocean to organisms which live nearer the 
surface. Murray correlated the contents of the surface tow-net with the 
results of soundings and found a close relation to exist between the surface 
fauna of any locality and the deposit which lies beneath it. Amongst other 
organisms he paid much attention, to the curious coccospheres and rhabdo- 
spheres, as Murray now for the first time called them. He devised an 
ingenious method of abstracting these extremely minute organisms from the 
sea-water by stretching pieces of fine thread through a bucket of salt water 
and allowing it to stand for the night. The examination of the threads 
next morning showed these organisms entangled among the strands. Another 
unfailing source of supply of these curious, and still imperfectly understood, 
organisms was the stomachs of the Salps, whose pharynx, fine as its walls 
are, allowed the^e organisms to pass through its narrow-meshed sieve. 

^ The ** Challenger Eeport on Deep-Sea Deposits ' by Murray and Renard 
was published in 1891. It was the first attempt to deal with marine deposits 
as a whole, and became at once the standard book on this subject, a position 
it occupies to the present day. It was in every sense of the word epoch- 
making.^’ The amount of research work entailed in the preparation of this 
monograph was stupendous; the detailed microscopic study and chemical 
examination of thousands of deposit-samples from all parts of the world and 
from all depths, and of the various constituents contained therein, involved 
the expenditure of much time and labour. 

The terns applied to the various types of deposits, with the exception of 
" oose,’* already in use before the time of the Challenger ’’ Expedi-^ 

Uon, were devised by Murray on board the " Challenger,*’ some of them being 
flubeequetttly more or less modified in collaboration with Renard. The 
nomenclature and classifieatiott finally adopted by them have stood the test of 
time. Notwithstanding the numerous contributions to the subject published 
in the interval and the many attempts to improve upon either the divieions, 
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the terms, or the methods originally employed, the “Challenger" lieport 
remains the model and standard ujion which all studies of deep-'Sea deposits 
are based, and it appears to satisfy all the demands made upon it. This is 
csoiiclusive evidence of the abundant foresight, care, and scientific precision 
brought to bear upon the study of the “ Challenger material and of material 
collected by other ships up to the time of publication. 

Murray came to be recognised as the authority on all matters relating to 
the floor of the ocean. His reputation became eWorld- wide, and his advice was 
solicited on all hands in connection with the fitting out of expeditions and 
with the scope of deep-sea researches of various kinds. Needless to say his 
extensive knowledge and practical experience were ^it^ely placed at the 
service of scientists, and many further additions to our knowledge of the sea 
and its laws are due to his initiative. 

The bottom samples collected by nearly all the surveying ships, cable 
ships, and oceanographic expeditions of all nations, found their way to the 
“ Challenger Office in Edinburgh for examination and report, and Murray 
was thus enabled to bring together a magnificent collection of marine deposits, 
a collection which is unique in the world. 

One may quote hero an appreciation of his work given by the well-known 
Arctic explorer, General Greely. Writing two years ago in the ‘National 
Geographic Magazine of Washington, , IJ.S.A.,* General Greely says : 
“Nearly 40 years since, a distinguished scientist, born on the continent of 
North America, Sir John Murray, of ‘Challenger’ Expedition and fame, and 
one of the eight honorary members of the National Geographic Society, 
considered the mooted extent of South Polar lauds and finally outlined their 
logical continental form os the continent of Antarctica — a fitting and largely 
accepted name. This great feat of constructive geography depended on a few 
score handfuls of oceanic ooze Inm the South Polar seas and scanty bits of 
rocks from scattered lands. Whatever doubts remained as to the accuracy of 
Murray's deductions have disappeared since the cumulative disc-overies of 
Amundsen, Borchgrevink, Bruce, Hrygalski, Gerlache, Larsen, Nordenskiold, 
Scott and Shackleton.” 

. Secondly, Sir John did much to throw light upon the origin of coral reefs, 
At the time of the “Challenger” Expedition Darwin’s theory of sulisidenoe 
held the field, but Murray, who proved all things and held fast only to that 
which he conceived to be true, found occasion to doubt its universal applica- 
tion. The boring at Funafuti, an island which was especially selected alike 
by the opponents and adherents of Darwin and Murray respectively as a 
typical place for investigation, clearly proved that Darwin was right in some 
places ; there is room enough in the world for some coral islands to have been 
formed by sinking and others by the rising of the earth’s orust. Darwin 
liimself always admitted, after the publication of Semper’s memoirr that his 
subsidence theory was not of universal application, 

: At the time of Murray's return from the “ Challenger " ISkpedition; Six 
Archibald Gleikie, was Professor of Geology at the IJniyersity of 
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Edinburgh, and Murray then attended his lectures. Sir Archibald helped 
him in the preparation of the geological section of the " Challenger ** Reports 
and Murray took an active part in the many exciirsions which are ever 
the delight of the geological^ student Sir Ai’ohibald has kindly written the 
following lines : — 

''During the preparation of the geological parts of the 'Challenger' 
Reports we had long talks over the problems suggested l>y the observa- 
tions made on the voyage! He was always an original and suggestive 
thinker in connection with these problems. Nowhere are his originality 
and acuteness more conspicuous than in his discussion of the origin of 
coral reefs. Up to this time, Darwin’s explanation held the field, 
though a few observers had challenged its universal application. But 
when Murray published his views, in which he combated the proofs of 
vast oceanic subsidence and held that all the types of coral reef could 
be accounted for without subsidence and even with local elevation, he 
effected one of the most striking revolutions in geological theory which 
have taken place in our time. When Alexander Agassiz took up the 
question and made a prolonged aeries of expeditions over the coral 
regions of the oceans he brought a vast mass of fresh material in support 
of Murray’s opinions. While I think it quite possible that here and 
there Darwin’s explanation may be found to hold, I feel tolerably 
certain, after Agassiz’s ample succession of exi)lorationB, that Murray is 
right for the general origin of coral reefs over the globe. 

" Then Murray’s laborious researches into the nature and distribution 
of the materials that are accumulating on the ocean floor and his classifi- 
cation of them broke entirely new ground in the Dynamical section of 
Geology. Many a long discussion he, Eenard, and I had on this subject, 
and it was a delightful experience to waUih how, bit by bit, out of the 
vast mass of materials collected by the ' Challenger/ there emerged the 
clear and impressive generalisations which were embodied in the * Deep 
Sea Deposits.’ Murray and Renard, by this remarkable volume, rendered 
a noble serrice to Oceanography and to our knowledge of the geological 
processes now in action in the oceans. 

'* Murray’s later work on the Scottish lakes is another example of hie 
originality and thoroughness. He not only planned this work with great 
skill and wide knowledge but, as it proceeded, he threw into the labours 
of his associates much of his own enthusiasm and devotion/' 

During the time that Murray was seeing the *' Challenger ” Reports through 
the press he was engaged with his friend, the late Mr. Robert Irvine, and 
others, on a series of chemical investigations upon the secretion of carbonate 
of lime from sea- water by marine organisms and on the part played in this 
process by the waste products given off during their nutrition. He also 
s^ked at the bacteriology of the deep-sea deposits, developing the work of 
him Rusrian oceanographers on the sulphurettad hydrogen haeteria of the 
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Black Sea. The series of papers recording these reswucohes appeared in the 
‘ Proceedings ' of the Royal Society of Edinburgh. 

The third investigation, referred to by Sir Archibald; on which he 
embarked in his latter years was that of the bathymetric survey of the fresh- 
water lochs of Scotland. The Councils of the Royal Societies of London end 
of Edinburgh had urged the Government to undertake this survey. The 
Government did not feel that this enterprise came within the province of the 
Ordnance Survey Office nor within that of tha Hydrographic Department of 
the Admiralty, but when Murray wanted a thing done, in the long run it 
generally was done, and he and Mr. Frederick Pullar in 1896 commenced the 
work and had already published some papers of importance when by the 
accidental death of Mr. Frederick Pullar by an ice accident in 1901, the work 
was interrupted. His father, however, Mr. Laurence Pullar, determined tc 
see the work through, and provided a large part of the funds used for tMs 
purpose, and in 1902 a staff of assistants was appointed to resume the survey. 
For the next four years the surveying work was vigorously carried on, and 
some 60,000 soundings were recorded from no less than 562 inland lakes. 
Biological and physical observations were also carried on during the two 
following years, and the results of this, the most careful survey ever carried 
out on the inland waters of any country, were published in six handsome 
volumes in 1910. 

One would have thought that three such px^oblems as Deep-Sea Deposits, 
the Origin of Coral Islands, and the Fresh-Water Lochs of Scotland, would 
have exhausted the energies of any man, but Sir John seems to have been 
tireless in his activity. Besides editing the 60 volumes of the "Challenger" 
Reports, he was the author of the summary of the scientific results of the 
expedition in two large volumes. As he records, "The direction of the whole 
of the work connected with the publication of the scientific results passed 
unexpectedly into my hands, ahd I have done my best under the circumstances 
to pl^e on permanent record a trustworthy account of the labours of this 
famous expedition. It has been my earnest endeavour to complete the 
publication in a manner worthy of the naval position and the scientific 
reputation of this great Empire. Notwithstanding troubles, personal sacrifices 
and regrets necessarily connected with the work, it has been a pleasure and 
an honour to have taken part in the explorations and researches wliieh mark 
the greatest advance of the knowledge of our planet since the celebrated 
geographical discoveries of the 15th and 16th centuries," 

He was never tired of exploring the sea, and in 1880 and 1882 he took 
part in two expeditions to explore the Faroe Channel in " Knight 

Errant" and H.M.S. " Triton " He established marine laboratories first of 
all at Granton on the FirUi of Forth, and later on the Clyde at Millport^ 
Cumbrae. Between 1883 and 18&4! he was continuously ex]|^Qring tihe West 
coast of Scotland in his small steam ysoht "Medusa” which was specially 
fitted for carrying on ooeanograpbioai investigations, and in these be was 
assisted by Mr J. T. Cunningham, Dr, H. E. Mill, and mmy naturddsts. 
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He never spared himself, and when be was approaching his 70th birthday 
he embarked on the Michael Sara,” a steamer no bigger than an ordinary 
fishing trawler, with a gross tonnage of 226 and with but 800 h.p. engines, to 
cross the Atlantic on a scientific expedition, the profoundly important 
results of which he published in collaboration with Dr. Johan Hjort in the 
well-known book, *The Depths of the Ocean.* He was very capable of 
getting on terms with the sailor men, and had a thorough knowledge of the 
sailor's mode of life and the sailor's point of view, and, it may perhaps be 
mentioned, of the sailor's vocabulary. Although he became 73 a few days 
before the tragedy, he seemed, and was, in fact, a much younger man, ** good 
for at least another 10 years," as a leading physician, who knew him well, 
remarked to me some weeks ago. 

He took a great interest in the project for establishing a meteorological 
observatory on the top of Ben Nevis. He was Secretary of the Committee 
which raised the necessary funds, and largely through his efforts £5000 was 
soon collected. He was one of the Directors of the Observatory until, 
unfortunately, it was closed a few years ago. For several years he was a 
scientific member of the Scottish fishery Board, and he represented the 
British Government at the International Fisheries and Hydrographic 
Conference in Stockholm in 1899, and ho was President of the Geographical 
Section of the British Association in 1899. The same year he delivered the 
Lowell Lectures at Boston, IT.S.A., and again in 1911 be delivered a second 
oourse of lectures at the Lowell Institute. For many years he ungrudgingly 
gave his services as one of the Secretaries and Member of the Council and 
Vice-President of the Koyal Society of Edinburgh, and the societies with 
which he was actively connected are almost as numerous as the honours 
which in later days were showered upon him. At the time of his death he 
was President-elect of the Meteorological Conference to be held in 1914 
at Edinburgh, and was actually engaged in making arrangements for a 
successful meeting the day before his tragic end. 

Sir John held strong views on Education. He had little use for the 
“ grand fortifying curriculum " of the Ckssics, but I shall never forget how 
indignant he was with me when a few years ago I was unable to produce at 
almost a moment's notice a tutor for his son, who was to be at once “ a first* 
class classic and a thorough ly trained oceanographer." His son was then reading 
for the Previous Examination and embarking on a voyage round the world. 

Apart from his science, which would have occupied the entire .time of 
most men, Sir John was latterly also interested in commerce. A bit of 
material included among a collection of deep-sea deposits from the neigh- 
bourhcwjd of Christmas Island in the Indian Ocean enabled him to recognise 
that that remote island contained valuable phosphatio deposits. The island 
was quite uninhabited, but obviously a source of wealth, and he ntged 
the Government to annex the island. Ultimately th^ did so. and Sir 
John obtained a lease of it along with Mr. Boss, of the Cocos Islands. A 
coznpany was fommd to develop its resources, and Mr. 0. W. Andrews, of 
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the Geological Department of the British Muaeum, was granted leave of 
absence for a year, and in 1897-8 he visited and explored the island, Sir 
John paying all the expenses and presenting the specimens Mr. Andrews 
collected to the British Museum. The Trustees in 1900 published the result 
of the researches in a monc^aph, which is a most interesting record of the 
indigenous animals and plants of a lonely oceanic island both before the 
arrival of civilised man and alter. 

Sir John himself on several occasions visited Christmas Island, and crossed 
it from end to end. Valuable deposits of phosphatos were found, water was 
discovered, clearings were made, a railway laid down, waterworks and piers 
constructed, aerial haulage erected, and houses built. The island now 
maintains a population of about 1600, composed of Europeans, Colonials, 
Cliinese, Malays, Sikhs, etc., and a flourishing business is being carried on 
in the export of phosphates. Plantations of rubber, hemp, coconuts, 
bananas, papaws, cotton, etc., have been established with more or less 
success. Sir John always looked upon this development as an indirect 
result of the scientific work of the Challenger'' Expedition, and an excellent 
argument for such research work being carried on by the Government. He 
knew that His Majesty’s Treasury had received in hard cosh within the 
past 16 years, in the form of rents, royalties, and taxes, a sum greater than 
the cost to the country of the %vhole Challenger Expedition, and he 
recalled how, during the time the money was being annually voted for the 
issue of the Challenger ” publications, many Members of Parliament 
objecte<l to public money l^eing voted for such a purpose. 

To enumerate the various honorary degrees, honorary memberships of 
learned Societies, medals and decorations of all sorts that Sir John received 
would occupy too much space. The more important of them are set out in 
‘ Who’s Who/ hut he always held that they were conferred on the Expedition 
rather than upon himself. 

In statune Sir John was short, broad shouldered, with a finely poised, 
distinguished head. His complexion was fair and his blue eyes piercing. 
His was a personality that could not be overlooked in any company. He 
was at times brusque, rather domineering, very confident of his own opinion, 
and he liked to have his own way, and, indeed, he generally got it, but he 
was most kind and most helpful to his assistants, and he spent his wealth 
largely in pi^omoting the advance of science. He was singularly straight- 
forward, and at times almost blunt, but he did not understand or appreciate 
the methods of the politician. If he was once your friend he remained 
your friend. Rather late in life he married in 1889 Isabel, only daughter 
of the late Mr. Thomas Henderson, of the weU-kuown Anchor Dine of 
Glai^^ow. He was a devoted husband and father, and although he had 
unconventional ideas about the education of his children be was profoundly 
attached to them, and woe never happy unless he had one or other with him. 

Sir John Murray was instantaneously killed in a motor accident near 
Edinburgh on March 16, 1914. A. E. jS* 



WILLIAM GEYLLS ADAMS, 1836-1915. 


William Gkvllb Adams was born on February 16, 1836, at Lidoot, 
Laneast, Cornwall, being the youngest son of Thomas Adams, who had 
married Tabitha Knill Grylls, of Budharlick, the owner of a small estate. 
Both families had been farmers in tlie neighbourhood as far back as records 
tsan be traced. The marriage resulted in a family of four sons and three 
daughters, the eldest son, born in 1819, being the renowned John Couch 
Adams, the discoverer of the planet Neptune. 

William Grylls Adams was educated at a private school at Birkenhead, 
and afterwards at St. John^s College, Cambridge, which he entered in 1856. 
He graduated as Twelfth Wrangler in 1859; and was elected to a Fellowship 
at St. John's in 1865. After leaving Cambridge he acted for about a year as 
Vice^Priuoipal of the Peterborough Training (Jollege, and then, for three 
years, as a mathematical master at Marlborough. In 1863 he was appointed 
lecturer in Natural l^hilosophy at King’s College, London, whore the 
Professorship was then hold by Clerk Maxwell. After Maxwell's retire- 
ment, Adams was, at Easter, 1866, appointed to succeed him, and he 
retained the Chair for forty years, till the summer of 1905. Adams early 
iwognisod the importance for students of Natural Philosophy that they 
should have the opportunity of taking part in practical experimental work, 
and, as the result of his efforts, a Physical Laboratory was opened for the 
instruction of students at King's College in October, 1868. 

As a professor, Adams made teaching his main occupation, but he by no 
means neglected oiiginal work. In 1877 ho published in the ‘Philosophical 
Transaotiohs/ in conjunction with his pupil, Mr. R E. Day, an important 
experimental investigation of the electrical effects produced by the action 
of light on selenium. And previously, in 1875, a paper on the experimental 
determination of the lines of flow and equipoteritial surfaces in conductors 
of two and three dimensions was chosen as the Bakerian Lecture before the 
Royal Society. In this paper Adams followed up ami considerably extended 
the previous work in the same direction of Kirchhoff and Quincke. 

He took an active part in the foundation of the Physical Society of 
London, of which he was President for the years 1878-80. One of his 
eomrihumcatioas to it was an aooount of a new measuring polarisoope. He 
was President of the Mathematical and Physical Section of the British 
Association at the Swansea meeting in 1880, and was President of the 
Society of Telegraph Engineers and Electricians (now the Institution of 
Electrical Engineers) for the year 1884 In his Presidential Address he 
gave some valuable results of the experimental measurement of the 
effloieuoy of dynamos, earned out chiefly in connection with the Electrical 
Exhibition held at the Crystal Palace in 1882. He also oommuiucated to 
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the Society a paper on the me of alternate current dynamos as motors, 
chiefly founded on experiments carried out at tlie South Foreland Light- 
bouse, 111 1885 he carried out for the Trinity House, at the South Foreland, 
experiments on the comparative value for lighthouse purposes of oil and 
the electric light. He was for many years a member of the Kew 
Observatory Committee of the Koyal Society (since araalgamat^ed with the 
administration of the National Physical Laboratory), and was also a member 
of the Board of Visitors of the Boyal Observatory, Greenwich, It was 
probably his connection with these bodies that led to his giving special 
attention to Terrestrial Magnetism. He wrote several papers on the 
simultaneous disturbances of the magnetic elements at diflerent parts of 
the earth's surface. 

In 1896 he issued a volume in which were collected all the scientific 
papers published by his brother John, who had died in 1892. This was 
followed in 1901 by a second volume, edited in conjunction with Mr. li. A, 
Sampson, containing the papers, so far as they could be made available, 
which his brother had left in manuscript. f 

He was elected a Fellow of the Royal Society in 1872, and served on the 
Council from 1882 to 1884 and from 1896 to 1898. 

As a young man Adams was an enthusiastic mountaineer, and became a 
member of the Alpine Club as early as 1864. Personally, he was a man of 
the greatest geniality, and full of good-natured fun. Many must have 
pleasant memories of the kindly hospitality and hearty welcome which be 
and Mrs. Adams offered to their many friends at their house in Carapden 
Hill Square. 

After resigning his Professorship he went in 1906 to live at Broadstone, 
Dorset, but continued for some time to come to*' town occasionally for Royal 
Society and other meetings. For the last few years, however, his failing 
memory obliged him to give up more and more completely all public 
engagements. He died at lus house at Broadstone on April 10 of the 
present year (1916). 

In 1869 he married Mary Dingle, of Lewannick, who, with a daughter and 
two sons, survives him. 


G. C. F. 



E. H. AMAGAT, 1841-1916, 

Emile Hilaike Amagat was born at Beni (Saint Satur) in 1841, After a 
sound preliminary education he studied physics for several years at the 
Sorl>onne in preparation for the examinations for the higher teaching posts. 
After acting for some time as assistant at the Colh'jge de France, be held the 
Professorship of Physics at Fribourg in Switzerland for a few years ; he was 
then elected to the ("hair of Physios at the Catholic University of Lyons, 
where he remsined until 1892, He then returned to Paris, where at first he 
had no definite post, but he was afterwards made a teacher and, later, an 
*exaniiner at the Ecole Polytechnique ; ho carried out tlie duties of the latter 
post until his death. 

Amagat was a simple, modest, and unassuming man, but he possessed 
extraordinary vigour and enthusiasm for work, and his fearlessness in 
.attacking the most serious experimental difficulties was rewarded by 
magnificent results. He was not only a brilliant experimenter, but a most 
ingenious and expert constructor, nearly all the apparatus he employed 
having been made either by himself or by a skilled meciianic whom ho had 
trained, Amagat himself very truly states that under no other conditions 
would it have been possible for him to carry out his researches successfully. 

Amagat's great conscientiousness is well shown by an incident, the 
particulars of which have been furnished very kindly by Dr. Guillaume. In 
the wd voce examination for entrance into the ]il(?ole Polytechnique, about 
two-thirds of the candidates are ugually rejected, and a change of examiners 
•during the process of selection would be liable to produce unfair results. 
While holding this examination Amagat had a slight apopleptic stroke, 
resulting in partial paralysis, but he insisted on continuing the work, and 
liad a bed placed near the examination hall, so that, when overcome by 
fatigue, he could i^etire and rest from time to time. 

During his period of study at the Sorboime Amagat made a careful study 

Kegnault’s celebrated memoirs, the importance of which greatly impressed 
.him, and between -ISO? and 1871, as a preparation for his thesis for the 
doctorate, he carried out his first considerable research on the influence of 
temperature on the deviations from Boyle’s law, and on the coefficient of 
expansion of gases under normal pressure. In the course of the next six 
years Amagat studied the compressibility of liquids at temperatures between 
if and 100^ 0. and at pressures from 1 to 40 atmospheres. 

He realised, however, the importance of greatly extending the range of 
pressure in investigating the properties of gases, and between 1876 and 1890 
Jhe carried out the wonderful series of rasearohes with which his name will 
4ilway8 be associated. 

The range of pressure was extended in both direfetions. Between 1876 and 
1882, making use of a diflferential manometer, Amagat determined the 
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compressibility of hydrogen and carbon dioxide from the atmospheric 
pressure to 2 or 3 inm. of mercury, while with air he made measurements 
down to 0*3 mm. At these lowest pressures Amagat concluded that the 
gases followed Boyle’s law within the limits of experimental error. 
Determinations of the compressibility of rarefied gases are very liable 
to errors, the data obtained by a number of other investigators being highly 
contradictory, but the accuracy of Amagat’s results has been amply 
confirmed by those of Lord liayleigh, who made a most remarkable 
extension of the range of low pressures. 

As regards high pressures, Amagat determined the compresBibility of 
nitrogen up to 430 atmospheres at temperatures from 0® to 100®, with open 
steel manometer tubes containing mercury. In order to support these 
tubes, he first made use of a tower of the church of Fourvi^re at Lyons, and 
was thus able to take measurements up to 80 atmospheres. A much 
greater range, with greater constancy of temperature, was afterwards 
attained by attaching tlie tubes to the side of a mine shaft in the Saint- 
iStienrie Colliery at Verpilleux. The manometer consisted of lengths of 
steel tubing screwed together, terminating in a glass tube, to allow of the 
height of the mercury column being read directly. 

Having now determined the deviations from Boyle’s law in the case of 
nitrogen, Amagat was able to employ a nitrogen manometer in the 
laboratory, and to determine the compressibility of oxygen, air, hydrogen,, 
methane, ethylene, carbon monoxide, and carbon dioxide up to a pressure of 
430 atmospheres. 

But Amagat was not satisfied with this great step in advance, and in order 
to measure still higher pressures he constructed in 1886 a manometer on th& 
principle of that of Crally-Cazalat. It may bo described as a reversed 
hydraulic press, the pressure being measured by a column of mercury^ the 
height of which bears thii same ratio to that of an open column corresponding 
to the actual pressure as the cross-section of the small piston does to that of 
the large one. The original Gally-Cazalat instrument was very defective,, 
but by the introduction of important modifications it was found possible to 
prevent all leakage and to obtain sufficiently accurate measurements of 
pressures exceeding 3000 atmospheres. 

The glass volume tubes were enclosed in strong blocks of metal and wer& 
subjected to pressure both externally and internally, so as to avoid rupture ; 
readings of volume were taken by the method of electrical contacts recom- 
mended by Tait. This method was found unsuitable for temperatures higher 
than 60®, and could not be employed when many readings close together 
had to be taken, as, for example, in the neighbourhood of the critical point. 
A very ingenious method was, however, devised by which direct readinga 
could be taken, and was employed for pressures up to 1000 atmospheres 
and for temperatures as high as 260® G. 

The gases examined by means of these two forms of apparatus were 
oxygen, hydrogen, nitrogen, air, carbon dioxide, and ethylene, and the com- 
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presffibility of the following liquids was also determined : Water ; ethyl, 
methyl, pic'opyl, and allyl alcohols; acetone; ethyl chloride, bromide, and 
iodide ; carbon disulphide and phosphorus trichloride. 

The researches relating to the compressibility of fluids necessarily involve 
deteminaoions of the deformatiou of the containing vessels and of the 
absolute compressibility of mercury. Amagat first verified the formulae 
relating to elasticity in the case of circular cylinders with plane bases, and 
determined the coefficient of Poisson and the coefficient of elasticity for 
glass, flint glass, steel, copper, brass, A metal, and lead, and he then carried 
out determinations of the compressibility of glass and flint gloss up to 
2000 atmospheres at 0®, 100°, and 200°, by a method somewhat resembling 
that employed for the measitrement of cubical dilatation by means of linear 
dilatation. 

In order to determine the absolute compressibility of mercury Amagat 
employed long tubes of glass and of flint glass filled with mercury, which 
he compressed both internally and externally in order to ascertain the 
apparent compressibility. The absolute compressibility was then calculated 
by difference. 

The abnormal behaviour of water in many respects led Amagat to make 
a 8peci|l investigation of this substance, and he found that the point of 
maximuin density was lowered by raising the pressure, reaching 0° under a 
pressure of less than 200 atmospheres, 

Amagat also made important investigations of the effect of pressure on 
the freezing points of liquids; in the case of tetrachlorethylene the freezing 
point was raised from — 19 * 5 ® bo 4 * 19 * 5 ° by increasing the prf38sure from 
210 to 1160 atmospheres. 

In tabulating his results Amagat does not give the volumes occupied by 
a gramme, but by such a mass of each substance as would occupy unit 
volume in the gaseous state at normal temperature and pressure. The 
general results are clearly shown by graphs in which the co-ordinates are 
PV and P. 

Among the more interesting points brought out by Amagat may be 
mentioned the following : — 

1. For hydrogen the isotherms, at all the temperatures studied, are 

straight parallel lines ; hence = b, where a and 6 are constants. 

2. For all the other subst^tnees the value of TV falls with increase of 
pressure to a minimum and then rises again, the fall becoming more and 
more abrupt as the temperature is lowered. The form of the isotherm, 
starting from the minimum, is slightly curved. 

3. Straight lines of equal volume (PV/P = Y) are intersected at equal 
distances by the isothermals, drawn at intervals of 10®, in the case of both 
carbon dioxide and ethylene. In other words, taking temperatures as 
absciSBse and pressures as ordinates, the isochors are straight lines, or 
P =r<jTr-n. This relation ’was discovered independently by Btous and by 
Eamsay and Young ; it is probably very nearly but not absolutely true. 
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4. The locus of the mininpim values of PY is a parabola with reapeet to 
the horizontal axis. The coefficients AV/Ae> AP/A/, 1/V . AV/A^ and 
1/P . AP/A^, were examined in great detail. 

When Amagat returned to Paris in 1892 he was unal^le to obtain the use 
of a laboratory in which he could continue his experitlaental inveatigatione, 
and the last 21 years of his life were spent in compiling and co-ordinating 
the immense number of numerical data resulting irom his previous work. 
Tlie results were published in a brochure entitled, Notes sur la Physique et 
la Thermodynamique.” Among the more important subjects dealt with may 
be mentioned: — (1) The specific heat of gases, (2) the internal pressure of 
fluids, (3) the corresponding states of matter. 

J. Combining his own results with those of Prof. Joly on the specific heat of 
carbon dioxide at constant volume between 0° and 100® under a pressure of 
about 100 atmospheres, he was able to calculate the ratio of the specific heats 
for this substance and to show the great variation of the ratio for pressures 
tetween 60 and 100 atmospheres at 60®. He also proved the discontinuity 
of the specific heat during change of state from liquid to saturated vapour. 

2. Amagat arrived at the conclusion that the two functions (Hdp/dt^p) 
and (poVolv^p\ starting from sufiicieutly great molecular distances (greater 
in the latter case than in the former), are inversely proportional to tl^ square 
of the volume^ and that when this law is followed the inte^ipokcular 
attraction is inversely proportional to the fourth power of the distance. In 
the course of this lesearch he was led to ah exact and unexpected method of 
calculating the value of the absolute zero point. 

3. By a simple and ingenious method of projection Amagat was able to 
prove the approximate correctness of the law of corresponding states without 
the necessity of ascertaining the actual critical coustants. He arrived at the 
conclusion that, at any corresponding points whatever, the value of PV/T is 
(approximately) the same for all substances. 

The great value of Ainagat^s work was recognised both in France and in 
this country. On the death of Alfred Cornu, Amagat was elected to take 
his place in the Acad^mie des Sciences, and he was awarded the Prix 
La Gaze by that body. He was at one time president of the Sockt4 de 
Physique, and was afterwards made an honorary member of the Society. 
He was a Foreign Member of the Eoyal Societies of both London and 
Edinburgh. 

Amagat's work was inspired by that of Regnault, and he may be regarded 
as the great successor to that great physicist. 

S. Y. 



HENKY WILLIAM LLOYD TANNER, 1861-1915. 

The father of Henry William Lloyd Tanner was Prof. Henry Tanner, F.C.S., 
a well-known writer on Agriculture and Agricultural Chemistry, who served 
on one or more Royal Commissions. The son was born at Burham in 
Kent, on February 17, 1851. He was never talkative about himself, even 
at home, so that few facts are known about his young days. His school 
was Bristol Grammar School, which has turned out many an able mathe- 
matician, and has supplied Oxford in particular — Tanner^s University — 
with a considerable number of strong men in learning, education and 
affaire. He mast have left school young; for when in October, 1868, he 
came up to Jesus Oollege, Oxford, as Natural Science Scholar he had already 
spent a year at the Royal School of Mines (where he had formed a friendship 
that was used against him later) and had secured his diploma there. 

At Oxford he soon showed his bent for Pure Mathematics, and research 
therein. His mathematical tutor was Mr, John Griffiths, an original writer 
on Elliptic Functions, who happily still lives, and one can imagine how 
such tutor welcomed and stimulated such a pupil. Tanner obtained a 
first claims in Mathematical Moderations in 1870, one in the Final School of 
Mathematics in 1872, and one in Natural Science in 1873. It is a little 
surprising that he let others carry off the higher prizes open to mathematical 
students, Fellowships, and the Junior and Senior Mathematical Scholarships; 
but the days were those of examination for everything, and his is not the 
only case one can remember of a man with a passion and a genius for 
investigation who did not allow to himself that the circumstances of the 
moment called for patient application to uncongenial as well as congenial 
tasks, and for the cultivation of examination facility. Moreover, he had 
strong interests outside Mathematics, being a keen musician, a reader of fine 
literary taste, a Union debater. He was librarian of the Union in Easter 
term, 1873, succeeding Mr, E. W. B, Nicholson, afterwards Bodley's 
Librarian, just between the times at which the present Prime Minister was 
Tr^surer and President. 

After leaving Oxford he is believed to have been a schoolmaster for a 
little wliile, but was soon api)ointed Professor of Mathematics and Physical 
Sciences at the Royal Agricultural Oollege, Cirencester. While there, his 
fine work on Differential Equations proceeded vigorously, and it looked as if 
he long enjoy in the Coll^ congenial and not too burdensome duties, 
with sufficient leisure for research. But there seem to have been elements 
of unhappiness in the Institution. A “strike” of members of the staff 
oonneoted with a case of alleged wrongful dismissal terminated in a victory 
for the etoiployers, and Tanner’s resignation was accepted. Findmg himself 
without iwu^ livelihood even for one, he marked the occasion by 

taking a very small cottage for two, and a wife, Miss Helen Alice Edith 

V01i.XOI,— A, h 
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Saundera. Common senae may condemn the baste of this, but the resnltB 
•were very happy. He could protect others, but needed even more than 
men a protector himself. Mrs. Lloyd Tanner was musioal like her husband, 
like him highly educated and widely read, yet sdtogether womanly, and she 
proved a most devoted wife. Often joining her husband ui atientton to his 
re^nsibilities, she contributed in no small measure to his later success. 
Her death, in 1902, after a long and painful illness, left him an exhausted 
and failing man. 

After the fiasoo at Cirencester he held for comparatively short periods 
masterships at Sherborne and at his own old school, Bristol But in 1883 
the University College of South Wales and MonmouUishire was founded at 
Cardiff — years had yet to elapse before it became a constituent eollego of a 
new, and now flourishing. University of Wales — and he was appointed to 
the Chair of Mathematics and Astronomy in it, thus entering on a settled 
life of vast usefulness. While strmigth lasted, he retained the Chair. 
During the last illness of Prof. J. Yiriamu Jones, and the interregnum which 
followed its lamented termination in 1901, he directed the College as Acting 
Principal with marked efficiency, i'inally, when all too soon, in 1909, he 
could work no longer, the Council made him Emeritus Professor on 
retirement. 

As he was taking possession at Cardiff painful incidents occurr^. The 
word went round among certain good Welshmen that he was a secularist, or 
friend of secularists, whose influence on students might be anti-religious ; and 
some effort was made to upset his appointment. Tanner bore his sensitive- 
ness in private. The man who at Cirencester, in wild indignation because of 
a real or fancied wrong to another, had been insubordinate, and had suffered 
for it, no.w at Cardiff, threatened with a grievous wrong himself, said nothing, 
but possessed his soul in patience waiting for the storm to pass. And it did 
pass. Yery soon all knew that their professor was no firebrand, but the most 
lovable and sympathetic of men. 

Testimony to the energy and foresight with wMoh he set aboiUi the task of 
eiganising courses of study, and to the inspiring character of bis own teaching, 
is abundant. Equedly abundant, and no less strong, is the testimony to his 
unfailing courtesy and good humour, to his happy faculty of securing affibction 
from oolleagnes and generations of students. In the early days of the 
College — before University dignity was secured — there can We been lif^de 
scope for the exercise of his gifts in fostering higher study. The requuemeats 
must have been for the systematisstiou of unamltttio«s teaching and for 
methods suitable to new armu» of raw recruits. Ho exercise of patimoe wm 
too great for him. I could quote letters from those who worked witdi Mtn 
full of warm admiration for ^ successful devotion, inolass and oat of it, ito 
the interests of tffie college, of student life, and of the iadividaal— letters all 
free from a single word of disparagement. 1 oonld gi'se «t length thd 
resolution leoentiy oommunioated by the Council of the OoBei!^ te hm 
family, in wldoh itis shown how Mirong a tense pieva^ in higfa^ CoUHfS 
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oirolia* tbOit he had been one of the most highly valued mambeis of the Staff, 
t^t he had taken a very deep interest in the welfare of Ida students and in 
the general social life of the College, and that he was regarded with warm 
admiration by collengues and stndeints alike, fiat the one i^[>preciation whioh 
I choose to give verbatim is that of a peooant undergraduate, taken from a 
comparative estimate clearly not intended, and not altogether suitable, for 
publication : — 

“ But call on old Tanner about a cut lecture, and his smile fairly shouts, 
‘ Well, if it isn’t my old pal Jack Owen,’ and be treats you as if you’d just got 
a First, and never mgs you about the lecture. But somehow when he’s 
finidied you Imve registered a vow that whatever else you may out in future 
it shan’t be Maths. And it isn’t.” 

Tlie "old Tanner” in the above is the “old" of endearment; and 
undoubtedly dous in general are looked upon as really old by undergraduates 
perhaps ten years younger than themselves. All the same, Tanner never 
looked young. The light in the eye shone from an apparently care-worn face 
quite early ; and as care grew and strength failed that light began to need 
kindling by the sight of a friend to be encouraged. 

He was elected a Fellow of the Koyal Society in 1890 ; and was also an 
Associate of the Koyal College of Music, a Fellow of the Koyal Astronomical 
Society, and a member of tlie London Mathematical Society. This last-named 
society published most of the more important among his mathematical 
writinga He was an early recipient of the degree of Doctor in Science at 
Oxford when degrees in recognition of eminence in research were instituted. 

He was an excellent man of business— of public and altruistic business at 
any rate. His mark has been left in the organisation of the mathematical 
curricula of the Welsh University. He did not go out of liis way to seek 
administrative work, but when it came his way he undertook it and did not 
spare himseif in carrying it out. Hie valued serviees as Acting Principal of 
the College for a time have already been referred to. In 1891 he earned 
golden opinions by his discharge of the onerous duties of a Local Secretary on 
the oooasion of the meeting of the British Assooiation at Cardiff. His services 
to edaoatum~^8 to the value of which he was an enthusiast— were not 
confined to the College and University. For several years be was on the 
Olamorganshite Governing Body for Intermediate Schools, working thereon 
with keen interest, and being greatly missed when he retired from it. He 
Was a Governor of the Penortb County Schools. In another field mention 
must be made of his efforts for the eneouagement of Music in Cardiff. For 
many years he was a vioe<ipreBident and aotive supporter of the Cardiff 
Masieal. '.Society.. ^ ■ 

. Soon after bis wife% death iinl902 it ibeoame oleai that he bad overtaxed 
Ids powers. Failure in ho^iy strength b^an to be aocompanied by lapses 
ed metnesy ahd dased^^^ m the midst of efibrt. His mnasiag power of 

ooiuiintsation Was goim, Imt not his devotton to duty. He stn^^gldd on, beiag 
: with 'diffiQaliy leetnre vomn ewm when 'acutely ^ ; hut in 1909 
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it became clear that hie retirement from active work could no longer be 
postponed. There were difficulties, financial as well as other, both for his 
family and for the College : the days of the Federated Superannuation scheme 
for Universities and University Colleges were not yet Self-denial had to be 
exercised all round ; and a small Civil List pension was secured for him. Thus 
it was made possible for him to end his days in simple comfort. His life in 
retirement was quiet and uneventful, with nothing painful about it but 
progressive decay. On March 6, 1915, he passed away peacefully at Exeter. 

He leaves two sons and a daughter. The elder son, Evelyn Lloyd Tanner, 
8th Wrangler 1908, First Class Natural Science Tripos 1904, has held 
important posts in the Indian Civil Service, and is, for the moment, a trooper 
in the Behar Light Horse, straining in vain for permission to go on active 
service. (Tanner himself had been a keen volunteer in his young days, and 
was a fine ** shot/') The second, Percy Lloyd Tanner, who has adopted a 
business career, has my best thanks for much help given me in compiling 
these notes. The daughter, Cicely Marguerite Lloyd Tanner, has inherited 
her parents' love for music, and may make it her profession, though now she 
has devoted herself to Ked Cross work. 

Prof. Lloyd Tanner's contributions to mathematical science, omitting some 
that are comparatively trifling, form two distinct series. There is an early 
series on Difierential Equations, more particularly on Partial Equations of 
the second and third orders with intermediate integrals, and a later series on 
the Theory of Numbers, more particularly on Problems of Cyclotomy. Both 
series show vigorous penetration, and both artistic refinement. The push 
and go ” are, however, more marked in the former series, and the beauty and 
taste in the latter. 

The papers on Differential Equations belong to the years 1876-80, and are 
to be found in vols. 7-11 of the * Proceedings of the London Mathematical 
Society,' vol. 16 of the * Quarterly Journal,' and vols, 5-7 of the ‘ Messenger 
of Mathematics.' Some (probably the least important) deal with Pfaffs 
Theorem and Pfaffian Expressions, but most of them with questions of 
Solution of Equations of the second and higher orders in two, and more than 
two, independent variables. For a number of the more conspicuous results 
obtained, reference may be made to the sixth volume of Forsyth's ‘ Theory of 
Differential Equations.' One paper, On the Transformation of a Linear 
Differential Expression,” stands in somewhat close relation to earlier work of 
Grassmann's, which was no doubt unknown to the writer ; but in general it 
may be said that Tanner in this series of researches did pioneer work in a 
department of investigation which was neglected, not only in England, but 
mostly elsewhere at the time. He makes some reference to very instructive 
work by Imschenetsky on the theory of partial equations of the first and 
second orders ; but he went far beyond that work, opening up some new 
ways for equations of the second order, and proceeding to those of the third 
order. For equations of the second order he obtained many results which, 
expressed in different form, were much later included in a more complete 
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iitvcafitigation by Gk>sserat> for which sec the fourth volume :of Darboux's 
* I'heory of Surfaces/ There is no reason to think that Gosaerat'e work was 
not completely independent of Tanner's ; but men less seif-ef&dng than the 
latter — and perhaps the latter himself, had his full vigour remained to him — 
would hardly have refrained from pointing out a claim to priority. As 
regards equations of the third order, which admit of integrals of lower order 
expressible in finite form, Tanner’s investigations wore most valuable; and 
some are standard even now. 

It is very remarkable that a man. who was producing work of such 
quality in steady stream should stop suddenly. The advent of exciting 
times dn his life, followed by immersion in absorbing duty, may have had 
something to do with this. But, as affording another explanation, I 
remember the importance which he attached to keeping in touch with the 
current thought of the day. He had been applying, very brilliantly, the 
formal methods of the older analysis^ and meanwliile others were doing 
work with modern weapons. Before going further he must allow himself 
time for a profound study of modernisin. Once in congratulating me, with 
the most graceful kindliness, on a piece of formal work of my own, lie was 
too naive to keep me from being aware that what he really meant was: 
** Twenty years ago this would have been charming; but is it not rather 
late for the sort of thing now ? ” I am pretty sure that he had once 
reasoned in this way with himself. 

However, ho never returned with new tools to the work of his old love. 
During his first busy years at Cardiff’ his writings were infrequent and 
minor. About 1886 began the later period of his productive activity; and 
the subjects attended to now were the purest of the pure in Mathematics, 
those studies alxiut number wliose difficulties and beauty enchain and 
fascinate an artistic intelligence when once they have allured it, but which 
leave unaffected except by wonder the man who pursues Matliematics as 
knowledge for practical use. His cjiief papers of tlie new series are spread 
over vols. 18-27 of the ' Prowedings of the London Mathematical Society/ 
All have more or loss bearing on what is known as Gyclotomy. The rith 
roots of unity are arranged in sets or periods ” — mono-basic periods if n 
is prime. Tanner submits the properties of periods, mono-basic and other, 
to searching examination. It is probably impossible in few words — and I 
certainly have not the necessary grasp on the theory — to state clearly the 
nature and extent of this examination. It is evident, however, that the 
group-notion was used with great cleverness, and that notable advance was 
made in methods for the formation of equations satisfied by sums of periods. 
Prodigious labour must have been required in the detailed analysis, as, for 
instance, reference to the paper (* Proc. Load. Math. Soo./ vol. 24) on 
Complex Primes formed with Fifth Hoots of Unity" will certify. On 
p. 224 we read : ** To give some idea of the facility of the method from the 
calculator's point of view it may be stated that the determination of the 
prime factors of two primes selected at random in the second million 
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(viis. 1,662,051 and 1,671,781) was compMed in tiiree hours," A&er Urn, 
pp. 256-*262, comes a full table of results for about 210 pximes, lesults 
previously obtained by Keuschle being of some service in respect of the 
first 40. 

He never finished all he hud to say on these subjects. Very shortly 
before his powers of concentration began to fail he spoke to me of sur- 
prisingly elegant and comprehensive conclusions at which he was arriving, 
putting aside the natural notion that the mono-basic must first be ransacked, 
and the poly-basic thus led up to. These conclusions were to remain 
unrevealed to others. 


E. B. E. 
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